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Abstract
Transition metal-catalyzed alkyne annulations have developed into incredibly
powerful synthetic tools over there the past quarter century. These reactions provide rapid
access to important organic scaffolds such as indole, quinoline, isoquinoline, indene, and
isocoumarin scaffolds. Transition metal mediated alkyne annulations have proven
invaluable in synthetic fields, such as natural product total synthesis, by offering efficient
pathways to otherwise synthetically difficult to access substrates.
Foundational works performed by chemist such as Larock, Ackermann, Satoh, and
Miura have been established through relying upon the usage of symmetrical alkynes. When
unsymmetrical alkynes are used in annulation processes mixtures of regioisomers are often
isolated. While methodologies have been developed which regioselectively deliver
annulation products, the regioselective nature of these reactions is often empirically
determined and obtained with little synthetic design to impact the alkyne migratory
insertion step of the catalytic cycle.
In recent years few examples of polarized, unsymmetrical alkynes have been sparingly
used in transition metal alkyne annulations. Still, these limited examples provide the
roadmap for how to regioselectively control alkyne annulations. Researchers have
displayed that one class of polarized alkynes, ynol ethers, exhibit the ability to react
regioselectively in transition metal-catalyzed migratory insertion processes. There has been
ii

little research focused on expanding this regioselective nature of ynol ethers into transition
metal-catalyzed alkyne annulations. This dissertation provides the work we have
accomplished in efforts to bridge this gap.
We have established the use of ynol ethers as compatible annulations partners in
transition metal-catalyzed alkyne annulations. They have been utilized in the regioselective
synthesis of diverse 4-oxy-substituted isoquinolinones. These substrates can be further
functionalized into prolyl-4-hydroxylase domain inhibitor analogues. Ynol ethers were
also employed to regioselectively facilitate the palladium catalyzed synthesis of complex
indenol ethers. Through inhibiting the terminal step in this indene synthesis, -hydride
elimination and intercepting the in-situ generated palladium intermediate, the isolation of
an enantiomeric mixture of isomers was observed. To date we have partially optimized a
regioselective, enantioselective, intermolecular Heck–Suzuki–Miyaura cascade reaction.
Further investigation is necessary to fully understand regioselective transition metalcatalyzed ynol ether annulations, but the groundwork has been laid for this work to
continue.
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Chapter One: Regioselectivity in Metal-Catalyzed Alkyne Annulations
1.1 Transition Metal-Catalyzed Annulations of Unsymmetrical Alkynes
In the last twenty-five years significant advances have been made in the field of
transition metal-catalyzed alkyne annulations. Specifically, in the area of annulation
processes involving internal alkynes, pioneering work has been completed by Satoh,
Miura,1 Larock,2 Ackermann3 and others to establish rhodium, palladium, ruthenium and
other metals as compatible transition metal catalysts (Figure 1). This work has been
invaluable in providing quick and reliable access to complex and biologically important
carbocyclic, and heterocyclic scaffolds such as isocoumarins, quinolines, isoquinolines,
isoquinolinones, indenes, and indoles. Much of this seminal work is focused on
establishing each metal as an annulation catalyst and many of these methods rely upon the
use of symmetrical alkynes such as diphenylacetylene 2 to eliminate the possibility of
isolating complex mixtures of regioisomers. The use of unsymmetrical alkynes in
annulation chemistry presents the ability to quickly add diverse functionality to
synthetically important chemical scaffolds; however, the current methodologies do not
extensively address problem of achieving regioselective transition metal migratory
insertions processes across unsymmetrical alkynes. The development of new annulation
methods are still necessary to investigate this synthetic problem and advance the
knowledge in the field.

1

Figure 1:Pioneering Work in Transition Metal-Catalyzed Alkyne Annulations

When unsymmetrical alkynes are reacted in these current methods two regioisomers
often form, and little work has been completed to actively address the mechanistic step in
which this regiochemistry is set, migratory insertion. While efforts to regioselectively
control metal migratory insertion across alkynes are scarce, many examples of reactions
which exhibit good to excellent regioselectivity exist. Generally, reported regioselectivities
are empirically determined without intentional experimental design to influence the
regioselectivity of the reaction. The regioselectivity of these reactions is generally dictated
such that the sterically bulkier substituent is bonded at the less sterically hindered position
of the newly formed ring system (Figure 2). In heteroatom directed C–H activation/alkyne
annulation reactions where the heteroatom is incorporated into the cyclic system, the
bulkier substituent is characteristically bonded proximal to the heteroatom which leads to
the formation of compounds like 9a as the major regioisomer.

2

Figure 2: Typical Observed Regiochemistry of Annulations of Unsymmetrical Alkynes with Substituents of Sizes

This survey of the work surrounding transition meta-catalyzed annulation reactions of
internal alkynes illuminates the significant advances that have been made in the past quarter
century, and it highlights the vast amount of research still needed to solve the problem of
predictably dictating regioselective migratory insertion in alkyne annulations. In reviewing
the literature metal by metal, it is apparent when a high degree of regioselectivity is
observed in transition metal/alkyne migratory insertions it is typically contributed to one
of three factors: 1) minimalizing steric interactions [this is the most common contributing
factor in influencing regioselective migratory insertion] 2) coordination or tethering the
alkyne to the reactive metallocycle or 3) influencing the polarization of the sp-hybridized
C-C bond to electronically control migratory insertion. Herein I present an extensive
summary of research encompassing transition metal-catalyzed alkyne annulations across
unsymmetrical internal alkynes, the observed regiochemistry of the newly formed
carbocyles and heterocycles, and the factors that influence regiochemistry in those
reactions.
1.1.1

Rhodium

One of the more well studied transition metals in alkyne annulation reactions is
rhodium. Satoh and Miura published a method for accessing isocoumarins using carboxylic
acid assisted, oxidative C–H bond functionalization in 2007. This method relied upon a
3

Cu(II) oxidant to reoxidize Rh(I) to Rh(III) during catalysis (Figure 3).4 They attempted
the use of two unsymmetrical alkynes in their methodology and found a strong preference
for regioisomer 12a and 12b containing the sterically bulkier phenyl ring proximal to the
isocoumarin oxygen. They do not report the regioisomeric ratio of products, but they do
acknowledge the isolation of “minor amounts” of the other regioisomer.

Figure 3: Rhodium Catalyzed Isocoumarin Synthesis via Alkyne Annulation

In 2012, Shi and coworkers developed a rhodium-catalyzed annulation between Nbenzoyloxazolidinones and alkynes to synthesize an array of indenone substrates (Figure
4).5 This method relied upon the carbonyl of N-benzoyloxazolidinone directing C–H
activation of the ortho-hydrogen on the aromatic ring system. During the reaction, the C–
N bond breaks and serves as an internal oxidant to reoxidize the rhodium catalyst to Rh(III).
Shi attempted this alkyne annulation with four unsymmetrical alkynes and isolated a
mixture of regioisomers in each experiment (Figure 4, 15a-d)

4

Figure 4: The Use of N-benzoyloxazolidinones as Directing Groups in Isoquinolinone Indenone Synthesis

In 2013, Satoh and Miura used a directed C–H activation/annulation scheme to
synthesize diverse phosphaisocoumarins (Figure 5).6 The phosphaisocoumarin scaffold is
effective as a class of pancreatic cholesterol esterase inhibitors. This is one of the few
examples of the P–OH moiety of a phosphinic acid serving as a directing group in C–H
functionalization chemistry. Satoh and Miura attempted the use of one unsymmetrical
alkyne in their methodology and isolated 18 in a 93:7 regioisomeric ratio (rr).

Figure 5: Synthesis of Phosphaisocoumarins

Simultaneously in 2013, Lee and coworkers developed a similar rhodium catalytic
system to afford a functionally diverse group of phosphaisocoumarins. Lee expanded the
scope of unsymmetrical alkynes used in phosphaisocoumarins synthesis and found in each
case they isolated a mixture of regioisomers with decent to good rr (Figure 6, 21a-h).7

5

Figure 6: Phosphinic Acids as Directing Groups in C-H Activation/Alkyne Annulations

In 2014, You and coworkers. built upon work started by Satoh, Miura, and Rovis
utilizing sterically tuned cyclopentaydienyl (Cp) ligands to augment reactivity, reaction
pathways, and regioselectivity.8a-b They chose to investigate a lesser researched,
electronically tuned Cp ligand, (CpERhCl2). Utilizing the (CpERhCl2)2 complex they were
able to generate multiple indole substrates under oxidative catalytic conditions. They
evaluated ten unsymmetrical alkynes and generated indoles with up to 19:1 rr (Figure 7,
23a-j).8c

6

Figure 7: Synthesis of N-substituted Indoles via C-H Activation

In 2011, Cheng and coworkers developed an indenol synthesis utilizing a regioselective
rhodium-catalyzed alkyne annulation. This was the first example of ketone-assisted C–H
activation/carbocylization reported in literature (Figure 8).9 Cheng found when they
utilized unsymmetrical alkynes in their methodology, there was a strong preference for the
regioisomer containing the aromatic ring proximal to the hydroxyl group. For each
substrate with a possibility of forming regioisomers, Cheng reported isolating a single
regioisomer.

7

Figure 8: Synthesis of Indenols via Rhodium Catalyzed Alkyne Annulations

In 2013, Li and coworkers. developed an alternative route towards heteroatom
substituted indenes by performing chelation-assisted C–H activation on phenyl-substituted
azomethine ylides 27 (Figure 9, R2=alkyl).10 They proposed the azomethine ylide nitrogen
is critical in directing ortho-C–H activation. They attempted the use of various phenylsubstituted alkynes in their methodology and found in each case they isolated a single
regioisomer with regioselectivity favoring the bonding of the phenyl ring proximal to the
nitrogen heteroatom (Figure 9, 28).

Figure 9: The Use of Azomethine Ylides as Directing Groups in a Rhodium Catalyzed Indene Synthesis

In 2013, Mascareñas and GulÍas demonstrated another method to regioselectively
control migratory insertion processes of internal alkynes by covalently linking the alkyne
to the benzamide through a N–O bond (Figure 10, R2 = alkyl, benzyl).11 By forming this
linkage, the alkyne is conformationally restricted and can only undergo migratory insertion
one direction. With this newly tethered alkyne there was still some question as to which
way the Rh-catalyst migratory inserts across the alkyne, TS-A or TS-B. After performing
DFT calculations on the possible reaction pathways of each migratory insertion process, it
was determined that that TS-A was the energetically favored method of migratory
8

insertion. They noted that there was an energetic penalty (2.8 kcal/mol over the entire
catalytic cycle) to the forming a bridged rhodacycle in TS-B.

Figure 10: Annulation Reactions of Tethered Alkynes

In 2014, Li and coworkers, also advantageously combined the use of an internal
oxidants and covalently tethered alkynes to synthesize various poly-substituted indoles.
When the N–N bond of the hydrazide internal oxidant was broken a new tethered amide
formed (Figure 11, 32). Li utilized this core scaffold to perform a formal synthesis of indole
alkaloid, (±)-goniomitine (Figure 11).12

Figure 11: The Cleavage of a N-N bond as Internal Oxidants

Tanaka was able to regioselectively synthesize indole substrates by performing
oxidative, Rh-catalyzed annulations of N-acetylanilines 33. Of the ten syntheses attempted
with unsymmetrical alkynes eight gave poor regioselectivity (rr ≥ 1.1:1), and in two
examples only one regioisomer was isolated (Figure 12, 34a-b). In each example the
phenyl substituent is preferentially bonds proximal to the nitrogen of the indole. Also, the
9

alkyne that provides 34a is electronically biased which could be influencing
regioselectivity (Figure 12).13

Figure 12: Rhodium Catalyzed Synthesis of Indoles

Fagnou and coworkers used oxidative rhodium alkyne annulations to generate Nacetylindoles from N-acetylaniline derivatives 35 (Figure 13).14 When aryl-substituted
unsymmetrical alkynes were tested in this reactivity, single regioisomers were isolated in
a good yield (Figure 13, 36a-c). However, their reaction conditions were less selective
when differentiating migratory insertion across unsymmetrical, aliphatic, internal
alkynes. Indole 36d was isolated as mixture of regioisomers (1.8:1 rr).

Figure 13: Indole Synthesis via a Directed C-H Activation/Alkyne Annulation

You and coworkers developed a N-assisted C–H General Information
10

Unless otherwise noted, reagents in this dissertation were used without extra
purification. THF was obtained from the Innovative Technologies PureSolv MD 5 solvent
purification system and kept under dry argon or nitrogen atmosphere. All other solvents
were obtained from commercial suppliers. Reagents were purchased from Sigma-Aldrich,
Fisher Scientific, Alfa Aesar, Acros Organics, and TCI and used as received. Reactions
were run in dry solvents, with a magnetic stir bar, capped with a rubber septum, and under
a nitrogen atmosphere unless otherwise indicated. Heated reactions were performed in
temperature-controlled oil baths. Thin-layer chromatography was carried out on EMD
Millipore 60 silica gel plates visualized by UV-light (254 nm /365 nm) and treatment with
KMnO4 stain followed by gentle heating utilizing a heat gun. Work-up procedures were
completed in ambient conditions. Flash chromatography was performed on RediSep Rf
Gold high performance silica gel cartridges (12-40 gram). 1H and 13C NMR spectra were
recorded with Bruker NMR spectrometer (500 MHz). 1H NMR spectra were referenced to
CDCl3 (7.26 ppm), and reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, dd = doublet of doublets, br s = broad singlet, m = multiplet).
Chemical shifts of the 13C NMR spectra were referenced to CDCl3 (77.2 ppm) and DMSO
(39.5 ppm). Mass spectral data were obtained from the Central Analytical Laboratory at
the University of Colorado at Boulder and John Latham at the University of Denver.
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activation/alkyne annulation with N-methoxybenzamides and specialized alkynes,
ynesulfonamides 38, under mild rhodium catalytic conditions. Their methodology afforded
twenty-four isoquinolinones and negated the need for a copper oxidant by relying upon the
breaking of the N–OMe bond during the reaction to reoxidize the Rh-catalysis internally.
You reported a single regioisomer in each example with the isolations of regioisomer 39
containing the sulfonyl-substituted nitrogen distal to the nitrogen of the isoquinolinone ring
(Figure 14).15

Figure 14: Synthesis of 4-Aminoisoquinolineones via Alkyne Annulations of Polarized Ynesulfonamides

In 2018, Shi and coworkers built upon Fagnou’s work utilizing ynesulfonamides in
regioselective alkyne annulations (Figure 15).16 Shi used N-pivaloxybenzamides 39 as
directing groups for ortho-C–H activation. In each experiment they isolated 41 as a single
regioisomer in moderate to good yields. This high degree of regioselectivity is due to the
electronically biased nature of ynesulfonamides. When evaluating the reasonable
resonance structure of ynesulfonamide 38 it is apparent that these alkynes possess an
electron bias, with a partial positive charge proximal to the nitrogen and a partial negative
charge distal to the nitrogen (Figure 15, 38 and 38’).
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Figure 15: The Use of Polarized Ynesulfonamide Enroute to 4-Aminoisoquinolinones

Rhodium catalyzed alkyne annulations have become very powerful synthetic tools to
access complex cyclic compounds. This method is responsible for providing efficient
accessibility to isocoumarin, phosphaisocoumarin, indene, indole, and isoquinolinone
scaffolds. Rhodium alkyne annulations have been successful when using external oxidants.
Many of these processes rely on the usage of external metal oxidants such as Cu(II) and
Ag(I). Innovative synthetic strategies have shed light on cleaving sigma bonds during the
course of the reaction which serve as an internal oxidant. This has particularly been
effective in the synthesis isoquinolinone substrates.
Although substantial progress has been made in the field of rhodium catalyzed alkyne
annulations and regioselective annulations process involving rhodium currently exist, little
research has been completed surrounding the purposeful control of the migratory insertion
step rhodium across the sp-hybridized C-C bond. Typically, the reported regioselectivity
in these annulation reactions is attributed to the steric interaction of the unsymmetrical
alkyne substituents with the entire ring system. As aforementioned, work to electronically
control alkyne annulations has been completed by both You and Shi. The use of polarized
ynesulfonamides as alkyne reactants smoothly facilitated the formation of 4aminoisoquinolinones. Electronic control of transition metal annulations of unsymmetrical
13

alkynes is a rather under investigated concept, but it presents a powerful opportunity to
facilitate regioselective annulation reactions and simultaneously install heteroatom
functionality to complex ring systems.
1.1.2. Palladium
Another transition metal that has received considerable attention in alkyne annulation
reactions is palladium. Much of the seminal work surrounding palladium catalyzed alkyne
annulations was completed by Richard C. Larock, in the late 1980s and early 1990s. In
1991 Larock coworkers reported a palladium-catalyzed heteroannulation between 2iodoanaline 4 and various disubstituted alkynes. As a result of this pioneering work, this
palladium catalyzed indole synthesis is known as the Larock indole synthesis. When
unsymmetrical alkynes were reacted using Larock’s methodology, a highly regioselective
indole synthesis ensued. Larock reported eight examples of isolating indoles 42a-42h as a
single regioisomer. It was noted in each of these examples that the sterically bulkier group
showed preference of bonding proximal to the indole nitrogen (Figure 16).17
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Figure 16: The Larock Indole Synthesis

In 1995, Larock and coworkers demonstrated these highly regioselective palladiumcatalyzed alkyne annulations could be expanded beyond solely 2-iodoanilines when they
used 2-iodobenzylamines 42, 2-iodobenzylalcohols 45, 2-iodophenols 47, and 2iodobenzoic acids 10 as annulation partners. They reported a total of thirteen examples of

Figure 17: Early Palladium Catalyzed Alkyne Annulations
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these substrates reacting with unsymmetrical alkynes, and one alkyne (R1 = Ph, R2 =
CO2Et, 3.0:2.0 rr) led to the isolation of more than one regioisomer (Figure 17).18
In 1998, Larock and coworkers were successful in performing similar regioselective
palladium

alkyne

annulations

with

non-aromatic

halomethylacrylates

50

and

unsymmetrical alkynes 20.19a The regioselectivity of the isolated products was identical to
what they previously observed with arylhalide alkyne annulations. The sterically bulkier
substituent preferred to be further away from the rest of the newly formed ring system. It
should be noted while many of the alkynes used in this synthesis were identical to alkynes
used in previous methodologies, Larock and coworkers observed more examples of mixed
regioisomers.
They extend this work in 1999 to include the use of substituted 2-iodomethylbenzoates
52. The general observation when using aryl-substituted unsymmetrical alkynes in this
heteroannulation is the aryl ring bonds proximal to the heteroatom (Figure 18).19b Larock
demonstrated when the non-aryl-substituent is sufficiently bulky, this general selectivity
can be reversed as seen in indole 53a.
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Figure 18: Palladium Catalyzed Synthesis of Isocoumarins

In 2003, Larock was able to obtain substituted naphthalenes 56 and carbazoles 58,
utilizing palladium-catalyzed annulations with internal alkynes (Figure 19).20 The
regioselectivity of their benzannulation method afforded one example which was isolated
as a single regioisomer and seven examples with a mixture of regioisomers. There was only
one unsymmetrical alkyne used in their carbazole synthesis, and they observed excellent
regioselectivity of alkyne migratory insertion generating carbazole 58 as a single
regioisomer.

Figure 19: Synthesis of Substituted Naphthalenes via an Intermoleclar Heck Reactions
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Yum and coworkers developed a palladium-catalyzed heteroannulation using protected
2-amino-3-iodopyridines 59 and various internal alkynes to create new pyrrolo[2,3b]pyridines 60. They isolated a single regioisomer when unsymmetrical alkynes were used
in this synthesis. Yum also established the pyrrolo[2,3-b]pyridine products 60 could be
further functionalized leading to compounds 61-64 respectively (Figure 20).21

Figure 20:Palladium Catalyzed Synthesis of Pyrrolo[2,3-b]pyridines

In 2003, Scammells and coworkers used palladium-catalyzed annulations of internal
alkynes to prepare various 4-hydroxytryptamine substrates 67 from 2-iodo-3methoxyanilines 65 and bishomoacetylenic amines 66. These amines reacted very
regioselectively affording a single regioisomer. Scammells utilized this method to provide
access to psilocin which is a metabolite psilocybin, the psychoactive component of over
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200 species of mushrooms. Both psilocin and psilocybin are absorbed through the
gastrointestinal tract and cause powerful psychotomimetic effects (Figure 21).22

Figure 21: Synthesis of Psilocin via Palladium Catalyzed Alkyne Annulations

Another early contribution to the field of palladium-catalyzed alkyne annulations was
published by Gronowitz and coworkers in 1993. They utilized various aromatic, protected
amines 68 to generate heterocycles 70a-d. In each example they isolated a single
regioisomer where the sterically bulky, silyl group was bound proximal to the nitrogen of
the newly formed heteroaromatic ring system (Figure 22).23

Figure 22: Annulations of Silyl-substituted Alkynes

In 1998, Ujjainwalla and coworkers synthesized 5- and 6-azaindoles using palladium
catalyzed annulations of internal alkynes. They specifically focused on the use of silylsubstituted unsymmetrical alkynes and found in each example the silyl group was bound
to the carbon adjacent to the azaindole nitrogen (Figure 23).24
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Figure 23: Palladium Catalyzed Synthesis of 5- and 6-Azaindoles

Since the seminal work of Larock designing palladium catalyzed alkyne annulation
reactions, research efforts have been continually employed to advance palladium as an
annulation catalyst. Palladium catalyzed annulations of unsymmetrical alkynes have
resulted in the development of highly regioselective annulation processes. The observed
regioselectivity of unsymmetrical alkyne annulations involving palladium are similar to
what is observed when rhodium is employed. To date work little work has been completed
surrounding the use of polarized alkynes in these annulation reactions, and these
electronically biased alkynes present the opportunity to predictably dictate future
palladium catalyzed alkyne annulations.

1.1.3 Ruthenium
The last metal prominently used in transition metal-catalyzed annulations is ruthenium.
In 2008, Zhang and coworkers successfully performed the first example of alkenylation of
arylpyrimidines and arylpyridines using ruthenium catalysis. Upon initial nitrogen assisted
C–H activation, a highly regioselective carboruthenation across terminal alkynes 76 led to
20

2-(2-pyridyl)vinylarenes

77.

Zhang

additionally

showed

that

similar

2-(2-

pyridyl)vinylarenes could be synthesized by replacing the alkyne with various vinylhalides
(Figure 24).25

Figure 24:Ruthenium Catalyzed Alkyne Migratory Incertion

In 2014, Liu and coworkers set out to perform di-alkenylation of aromatic rings
utilizing ruthenium catalyzed C–H activation. Lui expanded upon the initial work of
Ackermann and coworkers utilizing 1,2,3-triazoles as efficient directing groups.26a The few
examples Liu demonstrated with unsymmetrical aryl-substituted alkynes showed great
regioselectivity with the phenyl ring bound distal to the aromatic ring system. In each of
their examples they reported the isolation of a single regioisomers (Figure 25).26b

Figure 25: Vinylation of 4-phenyl-1,2,3-triazoles

In 2011, Ackermann and coworkers synthesized various substituted isoquinolinones by
performing carboxylate-assisted, oxidative ruthenium-catalyzed C–H activation between
benzamides and internal alkynes. Ackermann and coworkers provide three examples of the
use of unsymmetrical internal alkynes in their methodology, and in each example the
sterically bulkier substituent is bound proximal to the nitrogen of the newly formed
isoquinolinone ring (Figure 26).27
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In the proposed mechanism it is postulated that the ruthenium and the nitrogen of
benzamide assist in promoting a concerted deprotonation/ruthenation of intermediate, B.

Figure 26: Carboxylate Assisted Ruthenium Catalyzed Alkyne Annulations
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Ackermann and coworkers further investigated ruthenium catalyzed alkyne annulations
enroute to numerous isocoumarin substrates. They were specifically focused on the use of
cyclopropyl-substituted ynol ethers 84 and observed a highly regioselective annulation
where the aromatic ring always bonded proximal to the oxygen of the isocoumarin (Figure
27).28 Ackermann reacted ynol ethers 85 in this methodology, and a mixture of
regioisomers 86 and 86’ formed.

Figure 27: Ruthenium Catalyzed Alkyne Annulations of Cyclopropyl-Substituted Alkynes

In 2012, Ackermann and coworkers developed a way to synthesize the biologically and
pharmaceutically important indole scaffold using N-(2-pyrimidyl)-anilines 87 to direct
ortho-C–H-activation/annulations of internal alkynes in water. During their research they
investigated the annulation of several aryl-substituted alkynes. There was a strong
regioselective preference for the aryl substituent bonding at the 2-position of the indole
scaffold (88a-i). Ackermann does not report the isolation of the other possible regioisomer
(Figure 28).29
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Their research with unsymmetrical alkynes led them to complete intermolecular
competition experiments between alkynes 89 and 90. They found a preference for the
formation of indole 88f over 88h, and both indoles were formed regioselectively.
Ackermann does not comment to the significance of this finding in their initial reports. The
clear difference between the two ynol ethers is the ability of the p-methoxy substituent of

Figure 28: N-(2-pyridyl)anilines as Directing Groups in Alkyne Annulations
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ynol ether 89 to donate electrons to the sp C-C bond through resonance. This electronic
influence likely contributes to the observed increase in reactivity of 89 compared the
reactivity of ynol ether 90 in the intermolecular competition experiment below.
Ackermann and coworkers extended this methodology to synthesize diverse
tetrasubstituted pyrroles 92 through conducting ruthenium C–H activation/alkyne
annulations. They attempted the use of three unsymmetrical alkynes in their pyrrole
synthesis. They observed there was a regioselectivity preference for the phenyl ring
bonding at the 2-position of the pyrrole rings 92a-c (Figure 29).30

Figure 29: Ruthenium Catalyzed Pyrrole Synthesis via Alkyne Annulations

Ackermann and coworkers demonstrated hydroxyl assisted ruthenium C–H activation
as a method to transform -napthols, 4-hydroxycoumarins, and 4-hydroxyquinoline-2ones into tricyclic compounds 94. When they utilized aryl-substituted unsymmetrical
alkynes in their methodology the aryl substituent was bound proximal to the heterocyclic
oxygen (Figure 30).31

Figure 30: Ruthenium Catalyzed Alkyne Annulations
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In 2011, Ackermann and coworkers designed a ruthenium alkyne annulation technique
towards synthesizing isoquinolinones 96. This method utilized the cleavage of the N-O
bond during the reaction as an internal oxidant to reoxidize ruthenium(0) to ruthenium(II).
The annulation of unsymmetrical alkynes showed a regioselective preference to undergo
annulation with the sterically bulkier substituent of the alkyne bonding proximal to the
isoquinolinone nitrogen (Figure 31).32

Figure 31: The Use of N-methoxybenzamides in Directed C-H Activation/Alkyne Annulaitons

Ruthenium catalyzed alkyne annulations have been continually developed over the
previous decades to generate intricate cyclic compounds. Much of this work, completed by
Ackermann and coworkers, relied on carboxylate assisted concerted metalation
deprotonation to efficiently promote these annulation reactions. Regioselective ruthenium
catalyzed annulations of unsymmetrical alkynes have been observed, but as is the case with
palladium and rhodium, little attention has been focused on electronically controlling the
migratory insertion step of the reaction with polarized alkynes. Further research efforts are
necessary to expand the use of polarized alkynes in the field of ruthenium catalyzed alkyne
annulations to best achieve highly regioselective, predictable annulation reactions.

1.1.4 Other Transition Metals
While rhodium, palladium, and ruthenium are by far the most prevalent metals in
alkyne annulation chemistry, other metals have also proven effective as annulation
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catalysts. In 2005 Takai, Kuninobu and coworkers were the first to develop a C–H
annulation method that delivered numerous substituted 3-aminoindenes (Figure 32).33 This
synthesis utilized a Re(I)-Re(III)-Re(I) catalytic system. The reactivity of rhenium appears
unique in how annulations occur between imines and alkynes. This is particularly the case
when comparing rhenium to other transition metals like rhodium, nickel, and manganese.31
While rhenium creates indene scaffold 99, other metals led specifically to isoquinoline
compounds. The key proposed mechanistic difference between rhenium and other
transition metals is in intermediate C. From C Re(III) migrated across the sp2 C–N bond.
Ensuing isomerization and reductive elimination from intermediate D led to the formation
99 and 99’.
Takai, Kuninobu and coworkers used four different phenyl-substituted alkynes in their
methodology to synthesized 99a-d and found the reaction to be very regioselective (99:1
rr). It should be noted that using a trimethylsilyl-group as the other alkyne substituent led
to an observed reversal in regiochemistry, 99d.
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Figure 32: Alkyne Annulations of N-substituted Benzimines.

In 2016, Wang and coworkers worked on a similar rhenium-catalyzed C–H alkyne
annulation to synthesis polysubstituted 3-aminoindenes 101. Their method utilized
unprotected ketimines to direct C–H activation. When reacting unsymmetrical alkynes
Wang observed that the reaction proceeded regioselectively, and each compound was
isolated as a single regioisomer (101a-c). There was a regioselective preference for the
bulkier phenyl ring to bond at the 2-position of the newly formed indene ring system
(Figure 33).34
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Figure 33: Intermolecular Rhenium Catalyzed Alkyne Annulations Enroute to 3-amionindenes

Nishimura and coworkers performed an iridium catalyzed (3+2) annulation between
internal alkynes and 1-indolones 103 and 103’. The 1-indolone forms a reactive ketimine
in-situ, which serves as the reactive species. The ketimine nitrogen coordinates to the
iridium catalyst and directs ortho-C–H functionalization. When Nishimura and coworkers
reacted unsymmetrical alkynes, they isolated a 1:1 mixture of regioisomers (103a-b)
(Figure 34).35

Figure 34: Synthesis of Spirocycles via Alkyne Annulations

Nishimura and coworkers followed up their aforementioned work generating
spirocyclic heterocycles, and demonstrated the ability to enantioselectively set the
spirocyclic core of spiroaminoindene 106 regioselectively and enantioselectively (93:7 rr,
93%ee) (Figure 35).36
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Figure 35: Iridium Catalyzed Synthesis of Spirocycles

In 2019, Zhou and coworkers demonstrated an iridium C–H activation/alkyne
annulation with substituted benzoic acids 83. They specifically focused on the use of
phenyl-trifluoromethyl acetylene as their reactive alkyne species, and they found a shift in
regioselectivity from what is typically observed when aryl alkynes participate in typical
transition metal-catalyzed annulations. The bulkier aryl ring typically leads to
regioselectivity consistent with isocoumarin 108; however, with the use of the
trifluoromethyl substituent on the alkyne they observe the inverse regioselectivity leading
to 108’ being the major regioisomer. They contribute this selectivity to the polarization of
alkyne 107 which can be stabilized by resonance from the arene ring (Figure 36, A).37

Figure 36: Iridium Catalyzed Annulations of Polarized Trifluoromethyl-substituted Alkynes

In 2011, Seijiro and coworkers performed nickel-catalyzed alkyne annulations using
(O-benzyl)ketoximes 109. Their method relied upon the cleavage of the ketoxime N-O
bond during the reaction to reoxidize nickel from Ni(0) to Ni(II). When unsymmetrical
alkynes were reacted using Matsubara’s methodology, they discovered the reaction was
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highly regioselective, and lead to the formation of compounds 110a-110e. The
regioselective preference was to have to the sterically bulkier substituent bond  to the
isoquinoline nitrogen (Figure 37).38

Figure 37: Nickel Catalyzed Alkyne Annulations Using Internal Oxidants

While simultaneously progressing the field of ruthenium-catalyzed alkyne annulations,
Ackermann’s research group extended their efforts to develop nickel-catalyzed C–H
activation/alkyne annulations between N-(2-pyrimidyl)anilines 111 and internal alkynes.
In 2013, Ackermann and coworkers successfully used their method to synthesize
substituted indoles 112. They only reacted one unsymmetrical alkyne in their methodology
to generate compound 112a regioselectively, and they report 112a was isolated as a single
regioisomer (Figure 38).39

Figure 38: Nickel Catalyzed Alkyne Annulaitons of N-(2-pyridyl)anilines
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In

2017,

Chatani

and

coworkers

utilized

nickel-catalyzed

C–H

functionalization/annulation to access N-substituted isoquinolinones 114 (Figure 39).40 It
should be noted that this methodology forwent the use of an N-O bond internal oxidant,
and they proposed reductive elimination and protonation by tert-butanol reoxidized Ni(II)
to Ni(0). Chatani and coworkers demonstrated seven examples of unsymmetrical alkynes
in their research and found the reaction proceeded regioselectively with the sterically
bulkier substituent bonding  to the isoquinolinone nitrogen (114a-g).

Figure 39:Nickel Catalyzed Alkyne Annulations via C-H Oxidative Additions

In 2017, Glorius and coworkers created a high regioselective manganese catalyzed
alkyne annulation method enroute to substituted isoquinolines 117. They took an
intentional approach to address the direction of manganese migratory insertion across the
alkyne, by attaching a carbonate, traceless directing group to coordinate to the manganese
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catalyst (intermediate C). This coordination facilitated regioselective migratory insertion
across the sp-hybridized π-system leading to intermediate D (Figure 40).41 Elimination of
the carbonate directing group led to the formation of allene 119, which cyclized in situ to
isoquinolinone 117a.

Figure 40: Manganese Catalyzed Alkyne Annulations

In 2017, RodrÍguez, Gómez-Arrayás, and Carretero were the first to develop a cobaltcatalyzed arene C–H annulation of a π-system under aerobic oxidation conditions. They
were successful in reacting N-benzylpicolinamides 120 with internal alkynes to afford
heterocycles 121. To characterized some of their substrates, they converted them to either
heterocycle 122 or 123. When they performed annulations of aryl-unsymmetrical alkynes,
the resulting isoquinoline compounds were isolated as a single regioisomer (Figure 41,
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121a-c)42. The sole example of an alkyl-unsymmetrical alkyne yielded a mixture of
regioisomers 121d and 121d’ in a 1:1 ratio.

Figure 41: Cobalt Catalyzed Alkyne Annulations

In 2016, Wang and coworkers investigated pentamethylcyclopentadienylcobalt(III)
and –iridium(III) catalyzed C–H annulations of internal alkynes enroute to heterocyclic
quaternary ammonium salts 123. They did not attempt the use of unsymmetrical alkynes
in their iridium research, but they did react unsymmetrical alkynes in the course of their
cobalt catalysis studies. They synthesized ammonium salts 123a and 123b regioselectively
with no isolated trace of the other regioisomer. The regioselective preference was for the
sterically bulkier aryl ring to bond proximal to the nitrogen of the newly formed quaternary
ammonium salt (Figure 42).43

Figure 42: Cobalt Catalyzed Synthesis of Quaternary Ammonium Heterocycles
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In 2019, Yi and coworkers developed an osmium catalyzed C–H activation/alkyne
annulation methodology to expand the use of third-row transition metals in C–H
functionalization reactions. This is the first reported example of using an osmium complex
performing directed-group-assisted cleavage of inert C–H bonds (Figure 43).44 They
discovered that the osmium complex, [Os(p-cymene)Cl2]2, best catalyzed the annulation of
benzhydroxamides

124 and several internal alkynes. After the initial osmium C–H

activations, coordination of the alkyne and subsequent migratory insertion provides
intermediate A. Reductive eliminations followed by oxidation of the osmium catalyst by
the breaking of the internal N-O bond provides substituted isoquinolinones 125. Yi and
coworkers reacted four unsymmetrical internal alkynes while conducting their research and
found that each alkyne reacted in a highly regioselective fashion (Figure 43, 125a-d).

Figure 43: Osmium Catalyze Alkyne Annulations

Yoshikai and coworkers developed a chromium-catalyzed alkyne annulation method
to access polycyclic hydrocarbons (PAHs) (Figure 44, 127).45 Phenanthrene is one of the
fundamental structural elements in PAH based material science research. Their research
focused on studying the use of 2-biaryl Grignard reagents 126 and internal alkynes in
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chromium-catalyzed C–H functionalization/annulation reactions. They investigated the
reaction between polysubstituted 2-biaryl Grignard reagent 126 and an unsymmetrical
alkynes to better investigate reaction regioselectivity. Yoshikai found their reaction was
moderately regioselective delivering phenanthrene 127a in a 53:47 rr.

Figure 44: Chromium Catalyzed Alkynes Annulations

It is clear while rhodium, palladium, and ruthenium are the most common metals in
alkyne annulation chemistry, they far from the only successful metal catalysts. Transition
metals such as rhenium, cobalt, iridium, nickel, osmium, chromium, and manganese have
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exhibited the ability to efficiently catalyze alkyne annulations of unsymmetrical alkynes.
The general observed regioselectivity in these reactions is comparable to what is found in
other annulation processes involving unsymmetrical alkynes. It is commonly observed that
the more sterically demanding substituent of the alkyne bonds at the less sterically hindered
position of the newly formed ring system. Alkyne annulation methodologies reliant upon
less common metal catalysts do not attempt to influence the regioselectivity of transition
metal migratory insertion across the alkyne. Like with rhodium, palladium, and ruthenium
catalyzed annulations of unsymmetrical alkynes, the expanded use of polarized alkynes in
these methodologies is necessary to better control and design regioselective syntheses.
1.1.5 Conclusion
Transition metal-catalyzed alkyne annulations have been extremely powerful tools
over previous three decades. They have provided access to synthetically interesting and
biologically relevant carbocyclic and heterocyclic substrates. Seminal research in this field
has yielded a variety of transition metals such as rhodium, palladium, and ruthenium that
can efficiently catalyze these processes. Early work has primarily been focused on the use
of symmetrical alkynes to mitigate the formation of regioisomeric mixtures of products.
To continue to push the limits of alkyne annulations further it is necessary to increase the
diversity of unsymmetrical alkynes and develop methodologies that can predictably and
regioselectively generate annulation products.
When evaluating the literature surrounding regioselective alkyne annulations it is
apparent that more research must be conducted to more predictably control transition
metal-catalyzed annulations of unsymmetrical alkynes. There are many examples of
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regioselective alkyne annulations where the sterically bulkier substituent preferentially
bonds at the less sterically hindered position of the newly annulated ring system, but there
is still a need to develop new methods which can influence transition metal migratory
insertion across unsymmetrical alkynes. The collection of alkynes below provides valuable
insight in how to continue these advancement efforts. In literature there have been limited
examples of targeted synthetic efforts to control regioselectivity through using
electronically polarized internal alkynes. More investigation is warranted surrounding
electronically biased alkynes and their use in manipulating the regioselectivity of transition
metal-catalyzed alkyne annulations.

Figure 45: Polarized Alkynes

To better understand how alkynes 107, 128, and 129 can electronically influence
transition metal migratory insertion processes across polarized unsymmetrical alkynes it is
necessary to evaluate key mechanistic steps of the catalytic cycle (Figure 46). The initial
C–H activation leads to the formation of metallocycle A. Similarly, to other metal anionic
species, such as lithium stabilized anions and Grignard reagents, this metal-carbon bond is
a polarized -bond with a partial positive charge on the metal, and a partial negative charge
on the sp hybridized carbon. Next, the polarized unsymmetrical alkyne coordinates to the
transition metal catalyst and forms intermediate B. Due to the polarized nature of both
metal-carbon bond and the alkyne, an electronically controlled migratory insertion occurs
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regioselectively and generates intermediate C. Upon reductive elimination the heterocyclic
system is formed.

Figure 46: The Effect of Polarized Alkynes on Metal Migratory Insertion

The field of transition metal-catalyzed alkyne annulations has blossomed over the
previous few decades, but more synthetic research efforts are required to expand the utility
of the method in organic synthesis. Electronic control of alkyne migratory insertion
processes is an area of research that is relatively unexplored; however, the limited number
of reported examples provides a blueprint for how to utilize polarized alkynes to
regioselectively control annulation reactions. Continued research efforts towards the
development and use of diverse, polarized alkynes in annulation reactions are required to
strengthen the methodology as an impactful synthetic tool.
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Chapter Two: The Synthesis and Reactivity of Ynol Ethers
2.1 Synthesis of Ynol Ethers
First synthesized in 1903, ynol ethers have become increasing important compounds
over the past 100 years with refined methods of synthesis and diverse applications. The
synthesis of ynol ethers typically fall under one of three categories: β-elimination, elimination, or the oxidation of terminal alkynes. Once synthesized, the polarizable nature
of ynol ethers has led to their innate ability to serve as reactive ketene surrogates. These
in-situ generated ketene intermediates are critical in the well-studied field of cycloaddition
reactions.46 Due to their polarized nature ynol ethers participate well in tandem bondforming reactions where they behave as both nucleophiles and electrophiles. 47 However,
far less research has been dedicated to the use of ynol ethers as alkyne participants in
transition metal-catalyzed processes.
In seminal investigations of ynol ethers as participants in transition metal-catalyzed
migratory insertion processes, ynol ethers have demonstrated a proven ability to
regioselectively dictate migratory insertion processes. This characteristic is highly
desirable in the field of transition metal-catalyzed annulation reactions with unsymmetrical
alkynes. The following chapter will describe the alternative synthetic routes to access ynol
ethers and discuss the manner in which they typically react, such as ketene intermediates
in cycloaddition processes and as substrates with both nucleophilic and electrophilic
behavior. Finally, I will present the capability of ynol ethers to participate in regioselective,
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transition metal-catalyzed migratory insertion process, and the opportunity which exist to
expand their usage in the design regioselective transition metal-catalyzed annulation
reactions.

2.1.1 -Elimination
By far the most common approach to ynol ethers is via -elimination. This is typically
approached by utilizing functionalized enol ether and performing an elimination reaction
under basic conditions. In 1903, Slimmer was the first to report a successful synthetic route
towards an ynol ether, phenoxyacetylene 134 (Figure 47, a).48 Slimmer used 1,2dibromoethylene to access the ynol ether precursor Z-1-bromo-2-phenoxyethylene. Basic
treatment with potassium hydroxide facilitated β-bromide elimination to provide
phenoxyacetylene.
In 1927, Scheibler and coworkers used a similar β-elimination scheme starting from
1,1-ethoxyacetylene to synthesize ethoxyacetylene 137 (Figure 47, b).49 Scheibler also
accessed one of the earliest metallated ynol ethers by further reacting ethyoxyacetylene
with sodium amide (Figure 47, b, 138). In 1940, Cramer and coworkers completed further
pioneering work (Figure 1, c).50 They reacted a series of dialkyl-dibromoacetals 140 to
generate ynol ethers 142, and significantly expanded the scope of electrophiles that are
used in ynol ether syntheses.
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Figure 47: Early Examples of Ynol Ether Synthesis via Beta-Elimination

Smithers and coworkers developed a method for accessing O-alkyl ynol ethers from
commercially available tribromoacetaldehyde 145 (Figure 48).51 They proposed this
method as an alternative dehalogenation method to synthesize α,β-dichlorovinylethers. The
synthesis of ynol ethers from dichlorovinylethers 143 is quite efficient in synthesizing Oaryl ynol ethers; however, O-alkyl dichlorovinyl ethers were prone to alkene elimination
generating latent enolate intermediates A and B which quickly degraded into “tar”. Another
issue discussed was the formation of multiple lithiated vinyl intermediates, generated in
divergent reaction pathways from lithium acetylide formation, which could be stabilized
in situ. Both of these factors contributed to difficulty in accessing lithium acetylide C using
safe dehalogenation and dehydrohalogenation techniques. Smithers and coworkers were
able to obtain both terminal and internal ynol ethers using their methodology. The key step
in this synthesis was the ability to access α-chloro-β-dibromovinylethers 147. These
compounds undergo dehalogenation upon treatment with n-butyllithium to generate
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alkoxylithium acetylide C. While Smithers and coworkers presented this as an alternative
to synthesizing ynol ethers from α,β-dichlorovinylethers, the did not specifically
investigate whether there was any formation of latent enolates A or B via their
methodology.

Figure 48:Synthesis of Ynol Ethers via -Elimination from Tribromoacetaldehyde

Another important contribution to ynol ether synthesis via -elimination was developed
by Arens and coworkers. This method relied on reacting commercially available acetylene
gas under elevated temperature and pressure with potassium tert-butoxide in tert-butanol
(Figure 49).52 Then a sequential alkoxide addition, alkene bromination and
dehydrobromination were achieved to produce brominated enol ether 149. Ynol ethers 150
were generated in good yield upon basic treatment with lithium amide in liquid ammonia,
and an electrophile. The newly generated O-alkyl ynol ethers were heated to temperatures
ranging from 80 C to 120 C. They commented that tert-butyl ynol ethers were particularly
thermally unstable and would undergo [2+2] cycloadditions to generate cyclobutenones
152. This [2+2] cycloaddition relied upon thermally generating ketene intermediate A, and
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Arens noted that at temperatures as low as 80 C there was a “very brisk evolution of
isobutene” gas. They reported the thermal stability of these ynol ether decreases in the
following order: EtO > i-PrO > t-BuO. Ketene isomerization can be a major challenge of
utilizing ynol ether as alkyne reactants in transition metal-catalyzed reactions.

Figure 49: Synthesis of Ynol Ethers via -Elimination from Acetylene Gas

Similar to Arens, Pericàs and coworkers were accessed bromoenolethers 154 utilizing
ethylvinylether 152 (Figure 50).53 They discovered the reaction conditions of sodium
amide in a lithiumdiisoproylamine/hexanes solution was the correct set of basic conditions
to facilitate dehydrobromination. They probed the thermal ketene isomerization of ynol
ethers discovered by Arens and coworkers, and they found that appreciable ketene
isomerization can occur at temperatures as low as 40 °C. This concept has proved
invaluable in the area of ketene cycloadditions (vida infra).
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Figure 50: Synthesis of Ynol Ethers via -Elimination Using 1-Ethoxyethylene

In 1953, Jacobs and coworkers were the first to synthesize aryl substituted ynol ethers.
This method depended on employing β-bromoenolethers 156 and subjecting them to basic
treatment with potassium hydroxide to synthesize phenylmethoxyacetylene 157 in a 3%
yield (Figure 51).54 While the pure compound is a colorless oil, Jacobs noted that one of
the most “outstanding” characteristics of the compound was the ease of which it
polymerized. Even at distillation pressures of 0.001 atm the compound polymerized into
an orange, glassy substance. This same polymerization was obtained by leaving 157 in
ambient conditions or when treating it with methanol.

Figure 51: Synthesis of Aryl-substituted Ynol Ethers from Bromoenolethers

Newman and coworkers provided an efficient two step synthesis of alkylsubstituted,
ethoxyacetylenes 160 by reacting diethyl chloroacetaldehyde 158 with sodium amide in
liquid ammonia to generate nucleophilic sodiumethoxyacetylene 159 (Figure 52).55 They
successfully used methyl-, ethyl-, and n-butylbromide as electrophiles and obtain moderate
to good yields of the corresponding ynol ethers.
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Figure 52: Synthesis of Ynol Ethers via -Elimination Using Diethyl Choloracetaldehyde

Danheiser and coworkers investigated the synthesis of several siloxyacetylenes
derivatives while developing a benzannulation methodology which afforded an array of
poly-substituted aromatic compounds (Figure 53).56 They were successful in quenching a
variety of lithium siloxyacetylides with ethanol, methyl iodide, and trimethylsilylchloride
to yield 163, 164, and 165 respectively.

Figure 53: Sythesis of Ynol Ethers via -Elimination Using Siloxyenolethers

Green and coworkers developed a β-elimination synthesis for more complex ynol
ethers under milder conditions compared to other methodologies of the time which utilized
sodium metal and liquid ammonia (Figure 54).57 In this methodology, Green first
synthesized α-alkoxy-α,β-dichlorovinylethers by reacting alcohols 166 with potassium
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hydride and trichloroethylene. The subsequent dehydrochlorination of dichlorovinylethers
167 and treatment with an electrophile gave a variety of complex ynol ethers 168, including
compound 168a containing a 6,6,6,5-steroid backbone.

Figure 54: Accessing Ynol Ethers via -Elimination Using Dichlorovinylethers

The mechanism of Greene’s methodology was not well understood until 2008 when
Greene & Poisson performed mechanistic studies to elucidate the dehydrochlorination step
of the mechanism using

35Cl

radiolabeling (Figure 55).58 Two mechanisms that had

previously been proposed to occur: 1) the Fritsch-Buttenberg-Wiechell rearrangement in
which the chlorine α to the alkoxy substituent migrates and eliminates the opposite
chlorine; 2) β-elimination of the chlorine α to the alkoxy substituent. To evaluate these two
possible mechanistic pathways they first performed

35Cl-hydrochlorination

of ynol ether

169, and then completed the a single dehydrochorination using 1.0 equivalents of nbutyllithium. If the Fritsch–Buttenburg–Wiechell pathway was the operative mechanism
expected ynol ether 171a would contain chlorine radioisotope, 35Cl. However, they found
that the isolated product contained no 35Cl by 35Cl-NMR, which provided evidence that the
chlorine elimination mechanism was occurring via β-elimination. From these results it is
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generally assumed that the approaches in this section follow a similar mechanism unless
otherwise noted.

Figure 55: Mechanistic Investigation of Ynol Ether Synthesis via -Elimination.

In 1978, Nakai and coworkers utilized substituted trifluoroethanol derivatives to
successfully obtain alkyl and aromatic ynol ethers in good to moderate yields (Figure 56).59
This method relied on sequential dehydrofluorination and lithium fluoride exchange of
trifluoroethyl ether 172 to generate intermediate A. A third equivalent of n-butyllithium is
required to get the final dehydrofluorination to occur and generate ynol ethers 168. Nakai
ruled out an alternative mechanism where the second dehydrofluroination step occurs
before lithium-fluoride elimination due to the observation of the monofluoroenol A via 19FNMR when reducing the equivalents of n-butyllithium to two equivalents.
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Figure 56: Accessing Ynol Ethers Using Trifluoromethanol Derivatives

In 2012, Evano and coworkers established a novel method for synthesizing diverse 1bromoenolethers utilizing a copper(I) catalytic system (Figure 57).60 They reported the
synthesis of thirty-three arylbromoenol ethers 175 with a strong preference for the Z-alkene
(Z/E ≥ 74:26). Evano and coworkers were able to achieve dehydrobromination by reacting
175 with potassium tert-butoxide enroute to fifteen different O-aryl ynol ethers.

Figure 57: Accessing Ynol Ethers via -Elimination Using Dibromovinylethers

While studying regioselective hydrostannylations of acetylenic ethers, Oehlschlager
and coworkers envisioned that they could access terminal ynol ethers via enolphosphates
178 (Figure 58).61 Oehlschlager proposed that one of the important intermediates of this
reaction was likely the coordination of tert-butyllithium to the oxygen of the enol
phosphate (Figure 58, A). This facilitates the syn-elimination of phosphate and delivers an
array of terminal ynol ethers. Oehlschlager and coworkers reported the addition of lithium
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chloride may help facilitate anti-elimination, and the reaction yields were slightly improved
upon the addition of lithium chloride. This further supports their coordination/elimination
hypothesis. The presence of excess lithium chloride would prevent the coordination of tertbutyl lithium to facilitate anti-elimination (intermediate B).

Figure 58: Synthesis of Ynol Ethers via -Elimination Using Enolphosphates

In 2008, Minehan and coworkers investigated the use of α-diazoketones 181 as a
precursor to ynol ethers while investigating the thermal, sigmatropic rearrangements of
allyl and benzyl ynol ethers (Figure 59).62 This method tolerated the usage of a structurally
diverse array of alcohols which underwent α-substitution to the α-diazoketones 180. Upon
basic treatment with lithium hexamethyldisilazide and triflation of the enol oxygen, very
labile enol ethers intermediate A formed which decomposed and eliminated triflic acid to
deliever ynol ethers 178. When treated with an electrophile, these ynol ethers readily
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underwent sigmatropic rearrangements. When R2 is an allyl this rearrangement became
more facile and was achieved at temperatures as low as -78 C to deliver ketones 182. Due
to this facetious rearrangement, O-allyl and O-benzyl ynol ethers are poor alkyne reactants.

Figure 59: Synthesis of Ynol Ethers via -Elimination Using -Diazoketones

In 2012, Gray and coworkers demonstrated the usage of aryl acetylenic sulfonamides
as an alternative route to ynol ethers 185 (Figure 60).63 Their initial experiments produced
a mixture of compounds 184, 184’, and 185 when reacting acetylenic sulfonamides with
potassium tert-butoxide in dimethyl formamide. They hypothesized that adventitious water
in the solvent system facilitated the formation of vinylsulfonamides 184 and 184’. Trace
amounts of ynol ether 185 were observed under these initial conditions. Due to their
observations, Gray and coworkers switched their solvent system to anhydrous
dimethylformamide, and they were able to achieve the formation of ynol ether 186 in good
to moderate yields (61-93%).
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Figure 60: Accessing Ynol Ethers from Vinylsulfonamides

Gray and coworkers initially believed that this reaction proceeded through a polar
mechanism, but upon further study in 2014 they revised their original proposed
mechanism to a single electron transfer (SET) promoted radical process (Figure 61).64
Typically, nucleophilic substitution to an ,-unsaturated carbonyl-like systems occurs
via intermolecular Michael addition. To investigate whether this alkoxide addition
occurred through Michael addition or anti-Michael addition they doped the reaction
system with 5% water. They found with the addition of a protic source they were able to
trap the reaction intermediate C. Only the anti-Michael addition alkene product was
isolated as a single isomer which suggested that this mechanism was consistent with
“trans-disposed radical anion intermediate” A.
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Figure 61: Radical Elimination Mechanism

In 2013, Ruano and coworkers were able to expand on Gray’s work by utilizing alkynyl
sulfones to synthesize an array of aryl-substituted ynol ethers 190 (Figure 62).65 Ruano
proposed a polar mechanism in which the potassium from potassium tert-butoxide
coordinated to an oxygen of the sulfone and allowed tert-butoxide to attack the carbon
adjacent to the sulfur. This allowed the formation of compound 191, or 191’. They
proposed intermediate A, which led to the formation of alkene 191, could anti-eliminate
tert-butoxide to return starting alkyne X. This placed intermediate A in equilibrium with
189, while intermediate B could not exist in equilibrium with 189. Ruano and coworkers
were able to exploit these reaction equilibria and successfully synthesized ynol ether 190
by performing the reaction at -43 °C for 10 minutes, and then immediately warming the
reaction to room temperature. When the temperature was kept below -43 °C longer, the
ratio of the desired ynol ether to other side products decreased. This suggests the ynol ether
is the thermodynamically favored product.
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Figure 62: Synthesis of Ynol Ethers via -Elimination Using Alkynyl Sulfones

Synthesizing ynol ethers via -elimination reactions is by far the most prevalent
method in current literatures. These syntheses typically rely upon performing elimination
reactions of dihalogenated alkenes, but advances have been made to expand the diversity
of substrates which can be used in ynol ether synthesis. While a good diversity of ynol
ethers have been effectively made, certain ynol ether intermediates and ynol ethers are not
particularly stable. As eluded to by Smithers and coworkers, early efforts to synthesize
some O-alkyl ynol ethers from ,-dichlorovinylethers resulted in the isolation of a
degraded tar-like material. Arens and coworkers discovered one degradation pathway was
the formation in-situ ketene intermediate which could reacted with non-isomerized ynol
ether to create new cyclobutanone ring systems. This thermal ketene rearrangement is most
facile when the alkyl substituent is tert-butyl. Minehan and coworkers further determined
O-allyl unstable and underwent [3+3]-sigmatropic rearrangement in the presence of a
nucleophile and created various acrylate compounds. While limitations in ynol ether
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synthesis via -elimination reactions exist, -elimination remains a powerful method to
access diverse ynol ether substrates.
2.1.2 -Elimination
The second most common method to synthesize ynol ethers is via -elimination. In
1985, Brueckmann and coworkers accessed siloxyynol ethers

194 utilizing an -

elimination scheme (Figure 63).66 They first silylated the carbon  to the carbonyl, and
then obtained a thermal rearrangement of siloxyenol ether 193 upon refluxing in benzene.
This was the second reported example of siloxy ynol ethers in literature, and they were
noted to be thermally stable oils when the silyl groups were triisoproylsilyl- or tertbutyldimethylsilyl-. O-Triethylsilylynol ethers alternatively were difficult to purify due to
partial degradation on silica, and complete degradation upon distillation purification
attempts.

Figure 63: Synthesis of Ynol Ethers Using via -Elimination Using -Diazoketones

Kowalski and coworkers were also successful in accessing siloxyynol ethers during
their efforts to generate ester-derived ynolate anions A (Figure 64).67 They found when
aromatic and aliphatic ethylesters 195 were treated with n-butyllithium, lithium ynolates
formed in situ. They observed that when lithium ynolate A was treated with trimethylsilyl
chloride and warmed to room temperature only ketene 197 is isolated. However, when the
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reaction was kept at -78 °C they were able to generate a 2:1 ratio of ynol ether 198a to
ketene 199. Purification of trimethylsilyl ynol ether 198a proved difficult due to compound
degradation. Kowalski showed that sterically bulky triisopropylsilyl chloride and tertbutyldimethylsilyl chloride were suitable electrophiles to quench the lithium ynolate and
isolate ynol ether 198b and 198c respectively. They also demonstrated the ability of these
siloxy ynol ethers exchange silyl groups. They exchanged a triisopropylsilyl group with a
tert-butyldimethylsilyl group (93%), and the achieved the reverse reaction efficiently
(92%).

Figure 64: Accessing Ynol Ethers via -Elimination Using Ethylesters

Reddy and coworkers refined another -elimination synthesis for ynol ethers in their
1992 communication on ester homologation (Figure 65).68 When treating the in situ
generated ynolate A with ethanol and hydrochloric acid they syntehesized the homoanalog of the original ester was isolated. However, similarly to Brueckmann and Kowalski,
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Reddy was able to trap the ynolate, utilizing the appropriate trialkylsilylchloride resulting
in the formation of ynol ethers 202.

Figure 65: Synthesis of Silylynol Ethers via -Elimination

The continued advancement of ynol ether synthesis is highly dependent upon new
elimination methodologies which can efficiently create diverse ynol ether substrates.
Though -elimination methodologies are far less prevalent in ynol ether synthesis
literature, they uniquely afford lithium ynolate intermediates which have been successfully
quenched by a variety of silyl groups. These O-silyl ynol ethers are typically thermally
stable oils with sufficiently bulky silyl groups such as triisoproypylsilyl- and tertbutyldimethylsilyl-substituents. O-Trimethylsilyl-substituents are typically ill synthesized
via these methodologies and degrade during purification. To date, few other electrophiles
have been successfully employed in trapping lithium ynolate anions generated via elimination reactions. This is an ynol ether synthetic method that is still relatively
underexplored, and more work in this area could lead to a much wider spectrum of Osubstituted ynol ethers in the future.
2.1.3 Oxidation of Terminal Alkynes
Ynol ethers are primarily synthesized through either an -elimination or -elimination
processes but, there is another less utilized method which relies on the oxidation of terminal
alkyne to create new ynol ethers (Figure 66).69 Stang and coworkers built on their work
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generating hypervalent organoiodine 203 and reacted them with terminal alkynes 204 to
generate alkynyltosylates 205. They liberated the free lithium ynolate A upon treatment
with methyllithium, and they were successful in trapping the ynolate with tertbutyldimethylsilyl chloride (Figure 66, 206). Attempts with tri(n-butyl)tin chloride and
triethylgermanium chloride resulted in the formation of ketenes 207-208. Attempts to
quench with trifluorosulfonyl anhydride proved unsuccessful.

Figure 66: Synthesis of Ynol Ethers via the Oxidation of Terminal Alkynes Using Hypervalent Organoiodines

Another method to oxidize terminal alkynes into ynol ethers, developed by Julia and
coworkers, generated in situ tert-butyllithiumperoxide which transferred an oxygen to
terminal alkyne 204 to form a lithium ynolate intermediate A. They were able to quench
the lithium ynolate with triisopropylsilyl chloride to afford ynol ether 209 (Figure 67).70
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Figure 67: Synthesis of Ynol Ethers via the Oxidation of Terminal Alkynes Using Lithium tert-Butyl Peroxide

Miller and coworkers oxidized terminal alkynes to ynol ethers in a two-step synthesis
(Figure 68).71 They first halogenated alkyne 204 by deprotonating with hydroxide and
quenching with the appropriate electrophile (intermediate A). Next, they perform
nucleophilic substitution of the acetylenic halide under basic conditions using alkoxides to
generate ynol ether 210.

Figure 68: Synthesis of Ynol Ethers via the Nucleophilic Substitutions of Halogenated Alkynes

Methodologies which oxidize terminal alkynes enroute to ynol ethers have been lesser
investigated than methods relying upon -elimination or -elimination. These methods
rely on either generating an in situ ynolate species and quenching with the appropriate
electrophile, or by performing alkoxide nucleophilic substitutions on haloacetylides. While
limited in the number of examples in current literature, the oxidation of terminal alkynes
as an ynol ether synthetic methodology presents the opportunity to quickly make diversely
functionalized ynol ethers.
2.2 Reactivity of Ynol Ethers
Once successfully made, ynol ethers represent class of alkynes which exhibit
interesting and often regioselective reactivity. Ynol ethers have served as in situ ketene
surrogates in cycloaddition reactions. These in situ generated ketenes react with a multitude
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of other substrates and provide rapid access to an array of organic scaffolds and
functionalities. The polarized nature of ynol ethers has been exploited to regioselectively
control migratory insertion processes involving transition metals. These collective
advances in the ynol ether research present the opportunity to manipulate their innate
ability to regioselectively control transition metal migratory insertion processes and expand
their utility as alkynes to regioselectively dictate transition metal-catalyzed alkyne
annulation reactions.
2.2.1 Cycloadditions of Ynol Ethers: The Utility of Ketene Surrogates
The use of ynol ethers to generate in situ ketene surrogates has been a beneficial
synthetic strategy in cycloaddition processes. In 1985, Pericàs and coworkers demonstrated
the utility of ynol ethers as ketene surrogates in the synthesis of 1,3-butandione 213 (Figure
70).70 Previous synthetic routes toward 213 relied upon the a (2+2) cycloaddition of a
ketene and tert-butoxyacetylene. Pericàs and coworkers were able to achieve ketene
isomerization of tert-butoxyacetylene in dichloromethane at 30 °C. The in-situ generated
ketene then reacts with an equivalent of non-isomerized tert-butoxyacetylene, resulting in
cyclobutenone, 212. They were able to deprotect the 212 using trifluoroacetic acid to
achieve isomerization to 1,3-cyclobutadione 213.

Figure 69: The Use of Ynol Ethers as Ketene Surrogates in Cycloaddition Reactions
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In 2008, Ready and coworkers achieved a 1,3-dipolar cycloaddition of cyclopropane
214, and ynol ether 215 using a dimethylaluminum chloride as a Lewis acid catalyst
(Figure 70).72 The initial attempt resulted in a mixture of cyclopentenone 217 and
silyloxyenol ethers 216. When they treated 216 to acidic conditions, rapid conversion to
cyclopentenone 217 was observed. A wide variety of cyclopentenones were synthesized in
moderate to good yields from various substituted cyclopropanes 218 and O-silyl ynol
ethers 219 by incorporating HF · pyridine during the reaction.

Figure 70: [3+2] Cyclizaddition of Ynol Ethers

In 2014, Ready and coworkers significantly expanded the scope of which ynol ethers
could serve as ketene surrogates in various organic transformations (Figure 71).73 Ready
trapped ynol ether derived ketenes A enroute to a diverse array of benzylamides 221.
Through simply changing the choice of electrophile, they were able to access aromatic
compounds with allene, benzylcarboxylic acid, cyclobutanone, benzylthioester, and
benzyl-Weinreb amide functionality (Figure 71, 223-227).
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Figure 71: Rapid Access to Diverse Functional Groups Utilizing Ynol Ethers as Ketene Surrogates
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Minehan and coworkers synthesized ynol ether-acetal compounds by reacting tertbutoxylithium acetylides with various ketal- and acetal-aldehydes (Figure 72, a).75 These
ynol ether-acetals and ynol ether-ketals 230 underwent the initial (2+2) cycloaddition, and
dealkylation of the enol ether oxygen triggered a ring opening reaction which successfully
yielded tri-substituted cyclopentenes 231. Minehan also successfully created sevenmembered/bicyclic cycloalkenes utilizing the same methodology.

Figure 72: Intramolecular (2+2) Cycloadditions of Ynol Ethers

In 2004, Kozmin and coworkers discovered the first example of gold-catalyzed
cycloisomerization

of

ynol

ethers

to

furnish

siloxycyclohexenes

and

siloxycyclohexadienes while investigating the reactivity of triisopropylsilylynol ethers 232
(Figure 73).76 They also performed silyl-deprotections of the cyclohexadienes to
effectively form highly substituted cyclohexenones. Kozmin demonstrated this reactivity
was specific to silylynol ethers through attempting similar cycloisomerizations on enynes
under standard conditions, and the enynes yielded bicyclic ring system 235. In the proposed
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mechanism, an important intermediate is the formation of the ketenium-gold zwitterionic
species A. Kozmin and coworkers do not explain what led to the difference in product
formation between ynol ethers 232 and enyne 234.
Upon further evaluation of the isomerization mechanism, intermediate B is reached,
and when compared against intermediate C of the enyne cycloisomerization mechanism
the difference in product formation between the two reactions becomes apparent. In both
intermediate B and C AuCl is still bound to the cyclopentene ring, and still needs to be
eliminated. Intermediate B possesses two oxygen lone pairs which can collapse and trigger
the elimination of the gold catalyst. However, in intermediate C the primary means
available to eliminate AuCl is the abstraction of a proton and formation of a new double
bond. The presence of oxygen (from ynol ether 232) is the divisive factor in the two
reaction mechanisms.

Figure 73: Gold Catalyze Cycloisomerization Reactions of Ynol Ethers

Beyond seminal work performed by Kozmin and coworkers, there are a few additional
examples of gold catalyzing reactions with ynol ethers. One such example was presented
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by Hashmi and coworkers in their efforts to synthesize 2,7-substituted indoles 238 (Figure
74).77 This method relied on the successful annulation of anthranils 236 with
ynesulfonamides and alkynes. They further demonstrated one example of their method
being compatible with ynol ether 237 to deliever indole 238. They reported the isolation of
a single regioisomer.

Figure 74: Gold Catalyzed Synthesis of Indoles

In 2018, Lui and coworkers developed a slightly different gold catalytic system that
utilized anthranils 236 and ynesulfonamides to generate a new 6,6,5,6-ring system (Figure
75).78 Lui provided one example of this catalytic system being compatible with ynol ether
237 which afforded polyheterocycle 239.

Figure 75: Gold Catalyzed Synthesis of Polyheterocycles

Sun and Liu designed a ring expansion methodology that involved cyclic amines and
silylynol ethers (Figure 76).79 The initial displacement of the of the hydroxyl, alkoxy, or
acetoxy group of 240 led to ketenium intermediate A. A was then attacked by the amine
nitrogen to generate enol ether B, which opens and creates lactam 241. The alkene of 241
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was successfully hydrolyzed using hydrogen gas and Pd/C. The sulfonyl N-protecting
group was deprotected using Na0/napthalene.

Figure 76 : Intermolecular Ring Expansion Reactions of Ynol Ethers

Davies and coworkers regioselectively synthesized and investigated the reactivity of
N-sulfonyltriazoles by copper (I) catalyzed (2+3) cycloaddition with N-sulfonylazide 242
and ynol ethers 243 (Figure 77).80 They were successful in both isolating these reactive Nsulfonyltriazoles as pure compounds and utilizing in-situ generated reaction intermediates.
Subsequent reactions of N-sulfonyltriazoles with polysubstituted imidazoles were
conducted by heating via microwave radiation the reaction mixture for 15 minutes. The
enol ethers compounds hydrolyzed in situ to provide α-amino ketone 245.

Figure 77: (3+2) Cycloadditions of Ynol Ethers

Ynol ethers have been incredibly productive in the area of cycloaddition chemistry due
to their ability to serve as ketene surrogates. Pericàs and coworkers early on showed that
O-tert-butyl ynol ethers could undergo thermal ketene rearrangement at temperatures as
low as 30 C in dichloromethane. Ynol ethers have served as in situ generated ketene
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surrogates in both ring forming and ring expanding reactions. Ketenes are reactive
substrates and the ability to use ynol ethers as synthetic precursors to ketenes is an
invaluable synthetic tool.
2.2.2 Metal Migratory Insertion Across Ynol Ethers
A lesser investigated reactivity of ynol ethers is their participation in transition metal
migratory insertion processes. Ynol ether contain a polarized sp hybridized C–C bond
which is a contributing factor to what makes them great ketene surrogates in cycloaddition
chemistry. This polarized nature has further been exploited to influence the regioselectivity
of transition metal migratory insertions involving alkynes. In 1994, Oehlschlager and
coworkers performed stannylcupration of ynol ether 246 enroute to various stannylatated
enol ethers 247 (Figure 78).81 They primarily used prodestannylation as means to evaluate
the mixture of intermediates form during the reaction (E = H). Upon first attempts they
observed a stereoisomeric ratio of 78:22 (A : B) when running the reaction in THF at -78
°C and dissolving 246 in THF prior to its addition. However, they were able to isolate A
as a single isomer by dissolving 246 in a MeOH/THF mixture and precooling the solution
to -78 °C.

Figure 78: Stannylcupration of Ynol Ethers

In 2011 Zhu and coworkers investigated halopalladation reactions involving ynol
ethers in efforts to understand the difference in reactivity of ynol ethers compared to that
of traditional internal alkynes (Figure 79).82 Zhu argued the study of halopalladation
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reactions of unsymmetrical internal alkynes, which do not contain electron withdrawing
groups or halides, is less developed due to the problematic lack of control in
regiochemistry. There are two mechanism of migratory insertion across internal alkynes:
1) α-addition, when a new palladium—carbon bond is formed with the carbon  to the Ygroup. 2) β-addition is the other possible migratory insertion mechanism, and at the time
of this work, no known examples of β-addition to alkynes had been developed. Zhu and
coworkers were the first to successfully demonstrate β-addition to unsymmetrical internal
alkynes, in their work performing haloallyllations of ynol ethers 250 enroute to (1E)-αchloroenolethers 252.

Figure 79: Chloropalladation Across Ynol Ethers

In 2013, Zhu and coworkers continued their investigation of transition metal migratory
insertions processes involving ynol ethers by successfully performing carbopalladation
across ynol ethers 253 which delivered a diverse array of trisubstituted enol ethers 255
(Figure 80).83 They discovered that like their previous work, they only observed β-addition
across each ynol ether. This observed ability of ynol ethers to participate in regioselective
migratory insertion processes is due to the same polarization that makes them great ketene
surrogates. The oxygen of ynol ethers allows for a polarization of the sp-hybridized π-
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system with a partial positive charge proximal to the oxygen, and a partial negative charge
distal to the oxygen (Figure 80, 253).

Figure 80: Carbopalladation Across Ynol Ethers

The discovery of a highly regioselective β-addition across ynol ethers during transition
metal migratory insertions was a powerful synthetic contribution to organic synthesis, but
the issue remained that if it was necessary to access the α-addition migratory insertion
enolether product, there was no methodology available. Zhu cleverly solved this synthetic
challenge by performing a sequential hydroboration/Suzuki-Miyaura cross-coupling of
ynol ether 256 (Figure 81).84 Performing hydroboration first allowed for a boronic acid to
be attached β to the oxygen of the ynol ether, and the subsequent Suzuki-Miyaura crosscoupling delivered enol ethers 257 that have the substitution pattern of alkynes that have
undergone migratory insertion via -addition.

Figure 81: Accessing -Additions Migratory Insertion Products

Reddy and coworkers expanded upon the work started by Zhu through developing an
efficient system to perform regioselective alkyne-alkyne cross-addition reactions on ynol
ether 258 (Figure 82).85 They hypothesized that the use of propargyl-oxygenated ynol
ethers under Sonagashira reaction conditions would yield the alkynylative Meyer-Schuster
rearrangement product 259’, but to their surprise, they did not observe any of the Meyer69

Schuster product and isolated only enyne 259. Although Reddy did not observe any
evidence of this rearrangement, acidic conditions can catalyze Meyer-Schuster
rearrangement of propargyl-oxygenated ynol ether. Reddy and coworkers did not elucidate
why they did not see any Meyer-Schuster rearrangement products in their methodology.

Figure 82: Alkyne-Alkyne Cross-addition Across Ynol Ethers

Research surrounding transition metal migratory insertion processes across ynol ethers
has shown the propensity of ynol ethers to regioselectively dictate the formation of new
enol ether adducts. Unlike the reactivity typically exhibited by alkynes with strongly
electron withdrawing substituents, ynol ethers exclusively undergo transition metal
migratory insertion in a -addition fashion across the sp-hybridized C–C bond. This is a
synthetic element of ynol ethers which still needs further development to increase the
powerful nature of ynol ethers in synthesis. While this reactivity has been moderately
investigated, little work has been attempted to expand the use of ynol ethers to transition
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metal-catalyzed alkyne annulation reactions. This is an underexplored aspect of ynol ethers
which holds tremendous potential for the future.
2.3 Conclusions
Since the first synthetic attempts towards ynol ethers from acetylene by Slimmer and
coworkers in 1903, a significant amount of progress has been made in the development of
syntheses which provide ynol ethers. Once synthesized, ynol ethers are reactive substrates
which aid in influencing transition metal-catalyzed processes involving alkynes. The
current work on ynol ethers has brought forth incredible advancements in the isolation,
usage, and diversity of ynol ethers available. We believe more work is needed to expand
the usage of ynol ethers in other transition metal-catalyzed processes, such as alkyne
annulation reactions.
Methods to access ynol ethers have historically fell in one of three categories: 1) elimination of halides or other leaving groups, 2) -elimination reactions which typically
depend upon quenching in situ generated lithium ynolate intermediates with silyl protecting
groups such as triisopropylsilane, and 3) the oxidation of terminal alkynes. Once created,
ynol ethers have been utilized extensively as ketene surrogates in cycloaddition reactions.
As demonstrated by Ready and coworkers, once these ketenes are generated, they can be
transformed into variety of functional groups and compounds.
Less work has focused on the participation of ynol ethers in transition metal migratory
insertion processes, but they have been proven as compatible substrates. Disparate from
other alkynes, ynol ethers exhibit excellent regioselectivity in these migratory insertion
process. Previous research efforts in ynol ether reactivity provide a path to address the
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synthetic problem of obtaining regioselectively controlled transition metal-catalyzed
annulation reactions of unsymmetrical internal alkynes.
Further investigation of ynol ethers participating in alkyne annulation reactions is
necessary. The work has been done separately on transition metal-catalyzed alkyne
annulations and ynol ether reactivity. The union of the two research fields could be
influential in achieving highly regioselective alkyne annulations.
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Chapter Three: Accessing 4-Oxy-Substituted Isoquinolinones via C–H
Activation and Regioselective Migratory Insertion with Electronically Biased Ynol
Ethers
3.1 Introduction
Throughout the last decade, C–H activation has been a thriving field of organic research
yielding new transformations that have provided the ability to rapidly functionalize
relatively simple substrates and functionalize late stage intermediates. 86 Chelation assisted
C–H activation, in particular, is a common strategy that has facilitated a rapid assembly of
biologically relevant frameworks such as isoquinoline, isoquinolinone, pyridine, and other
N-containing scaffolds.87 These scaffolds are generally formed after performing transition
metal-catalyzed alkyne annulations with various directing groups containing substrates.
Depending on the metal, C–H activation can primarily proceed in one of two manners: 1)
oxidative addition into an otherwise inert C–H bond which augments the oxidation state of
the transition metal, or 2) concerted metalation deprotonation of an inert C–H bond which
renders the transition metal in the same oxidation state in which it began. (Figure 83).

Figure 83: Different Methods of C-H Activation

As noted in chapter one of this dissertation, the regioselectivity of these alkyne
annulations are largely empirically determined, and there are not many well-defined ways
to control transition metal migratory insertion across internal alkynes. This is also the case
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for transition metal-catalyzed syntheses of isoquinolinones. The observed regiochemistry
of these annulations typically deliver isoquinolinones with the sterically bulkier alkyne
substituent bonding proximal to the nitrogen of the isoquinolinone ring system. The use of
polarized alkynes in isoquinolinone synthesis, and in transition metal-catalyzed alkyne
annulations as a whole, have been relatively limited up to this point. However, current
examples that do use electronically biased alkynes have led to the observation of highly
regioselective annulation processes that typically deliver one, isolatable regioisomer. Our
efforts were focused on using a lesser investigated group of polarized alkynes, ynol ethers,
to control the regioselectivity of migratory insertion in rhodium-catalyzed C–H
activation/alkyne annulations of (O-pivaloxy)-benzhydroximic acid derivatives to deliver
poly-substituted isoquinolinones
3.1.1 Synthesis of Isoquinolinones via Transition Metal-Catalyzed Alkyne
Annulations
Efforts towards synthesizing isoquinolinones have accelerated over the past two
decades. A multitude of transition metals such as palladium, ruthenium, rhodium, cobalt,
nickel and iron have been proven as effective catalysts in the synthesis of poly-substituted
isoquinolinones.88 These metal-catalyzed alkyne annulations have been invaluable tools in
accessing the isoquinolinone scaffold, and have provided access to natural products with
otherwise challenging synthetic hurdles.
These alkyne annulations are generally initiated via one of two ways: 1) oxidative
insertion of the metal into a C–X (X = H or halide) bond, or 2) C–H activation through a
concerted metalation deprotonation (CMD) mechanism. In methodologies that take
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advantage of C–H activation via a CMD mechanism, a major consideration is keeping the
transition metal in the correct oxidation state to continue the catalytic cycle. Upon
reductive elimination to generate the new isoquinolinone ring system, the metal needs to
be reoxidized to regenerate the active catalyst. This oxidation historically has been
accomplished through the stoichiometric, or an excess use of an external oxidant, or the
breaking of N–X bond (X = heteroatom) to reoxidize the transition metal catalyst.
3.1.1.1 Oxidative Addition into a C–X bond
In 2010, Cheng and coworkers developed a nickel catalyzed alkyne annulation of
various N-substituted benzamides 261 enroute to diverse isoquinolinones 262(Figure 84).89
This nickel catalytic system relies upon an initial oxidative addition of Ni(0) to the sp2
C-X bond. Because of this initial oxidative addition step, it is not necessary to use an
oxidant to reoxidize the catalyst to its original oxidation state upon reductive elimination.
Cheng’s methodology rapidly generated nineteen isoquinolinones in good to moderate
yields. They further demonstrated that isoqinolinone 264 could be modified over two steps
to deliver the natural product oxyavicine.

Figure 84: Nickel Catalyzed Synthesis of Isoquinolinones
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In 2011, Chatani and coworkers created a similar nickel catalyzed alkyne annulation
utilizing ortho-C–H activation via nickel oxidative addition (Figure 85).90 They noted one
key difference of their methodology compared to that of Cheng and coworkers. Chatani
chose to perform this annulation without the excess use of triethylamine. Due to this lack
of base, a sacrificial equivalent of alkyne must be used. The first equivalent of the alkyne
underwent hydronickelation and subsequent alkene isomerization to deliver intermediate
B through -bond metathesis. Nickel metallocycle B coordinated to the second equivalent
of the alkyne (intermediate C) to facilitate migratory insertion, and reductive elimination
to afford isoquinolinone 266.

Figure 85: Nickel Catalyzed Synthesis of N-substituted Isoquinolinones

In 2017, Chatani and coworkers extended the scope of nickel catalysts that could
perform C–H activation/alkyne annulations from Ni(0) catalyst to Ni(II) catalyst, Ni(OTf) 2
(Figure 86).91 They originally hypothesized the use of a Ni(II) catalyst would cause C–H
activation to occur via a CMD mechanism rather than activation via oxidative addition to
the C–H bond. Chatani and coworkers were successful in using Ni(OTf)2 to catalyze
annulations between N-arylbenzamides 267 and internal alkynes. Upon further analysis,
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they determined under their Ni(II) catalytic conditions there was no possible method to
reoxidize Ni(0) to Ni(II) when reductive elimination occurs to generate the new
isoquinolinone ring (Figure 86, a). Chatani instead proposed a Ni(0) catalytic cycle to
occur (Figure 86, b). Although Chatani and coworkers do not specify how Ni(II) gets
reduced to Ni(0) to start the catalytic cycle, it is reasonable to propose this reduction occurs
similarly to how triphenylphosphine reduces group 10 transition metal Pd(II) to Pd(0) in
situ (see ref. 90).90

Figure 86: Nickel Catalyzed Synthesis of N-Aryl Isoquinolinones

3.1.1.2 C–H Activation via Concerted Metalation Deprotonation.
Concerted metalation deprotonation (CMD) is the other prominent mode of C–H
activation that exists in the syntheses of isoquinolinones via transition metal-catalyzed
alkyne annulations. C–H activation that occurs through this method leaves the oxidation
state of the metal unaltered. The issue arises in the reductive elimination step, which
generates the isoquinolinone scaffold. During reductive elimination the oxidation state of
the transition metal is reduced, and the catalyst must be reoxided in order to continue the
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catalytic cycle. This oxidation typically occurs via the use of an external oxidant such as
Cu(II) or Ag(I) salts, or through the design of a C-X (X = heteroatom) bond cleavage that
serves as an internal oxidant. Both methods have proven as effective and influential
synthetic strategies in isoquinolinone syntheses.
3.1.1.2.1 External Oxidants
Early work in the synthesis of isoquinolinones via transition metal-catalyzed alkyne
annulations depended on the use of external oxidants to reoxidize the transition metal
catalyst to its initial oxidation state. In 2010, Rovis and coworkers expanded the used of
(Cp*RhCl2)2 as a catalyst in C–H activation/alkyne annulations (Figure 87).92 Previous
work by Satoh and Miura, and Fagnou used this catalyst to synthesize isocoumarins,
indoles, isoquinolines, and polycyclic, heteroaromatic ring systems. Rovis successfully
performed rhodium catalyzed alkyne annulations to generate substituted isoquinolinones
269. Rovis and coworkers proposed (Cp*RhCl2)2 facilitated ortho-C–H activation via a
CMD mechanism. This methodology used a Rh(III)-Rh(I)-Rh(III) catalytic system and
relied on a Cu(II) internal oxidant to reoxidize the rhodium catalyst during the reaction.

Figure 87: Synthesis of N-methylisoquinolinones

Simultaneously in 2010, Li and coworkers developed another rhodium catalyzed C–H
activation/alkyne annulation of N-arylbenzamides 271 (Figure 88).93 They indicated that
this annulation is especially interesting due to the option for C–H activation to occur on
the N-aryl or C-aryl rings of 271. They found that their reaction showed a high degree of
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chemoselectivity towards N-aryl C–H activation. Similarly, to Rovis and coworkers, Li
and coworkers discovered their method required an external oxidant for the reaction to
occur, and Ag2CO3 was the ideal oxidant for their catalytic system. They further discovered
when isoquinolinone 272a was resubmitted to standard reaction condition with an
additional equivalent of alkyne 2, tetracyclic heterocycle 273 forms in a 92 % yield.

Figure 88: Rhodium Catalyzed Synthess of N-Arylisoquinolinones

In 2016, Nakamura and coworkers successfully devised an iron catalyzed oxidative C–
H activation/alkyne annulation of N-substituted benzamides 274 and various internal
alkynes to synthesize four different isoquinolinones. It should be noted that although
unsymmetrical internal alkynes were used in this isoquinolinone synthesis, the
regioselectivity of the products were not determined (Figure 89, a).94
Nakamura and coworkers conducted a set of reactions to better understand the
effect the various amounts of (trimethylsilyl)methylmagnesium chloride had on the
reaction system (Figure 89, b). They performed the reaction with 3.0 equivalents and 5.5
equivalents of (trimethylsilyl)methylmagnesium chloride, and they found the ratio of
alkenylation product 277 to annulation product 275a were highly dependent on the amount
of (trimethylsilyl)methylmagnesium chloride present in the reaction.
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Figure 89: Iron Catalyze Synthesis of N-quinolinylisoquinolinones

In 2013, Jeganmohan and coworkers provided access to isoquinolinones by performing
ruthenium catalyzed C–H activation/alkyne annulations on substituted benzonitriles
(Figure 90).95 Their method relied upon the in situ reduction of the nitrile 276 to benzamide
B by Cu(OAc)2•H2O. They discovered that an aerobic oxidation of Ru(I) to Ru(III) was a
sufficient reoxidization method for the ruthenium catalyst, and reported isolating
isoquinolinones 279 as single regioisomers.

Figure 90: Ruthenium Catalyzed Synthesis of Isoquinolinones from Benzonitriles

3.1.1.2.2 Internal Oxidants
The second method of achieving C–H activation via a CMD mechanism is though the
design of a sacrificial C-X (X= heteroatom) bond into the substrate which directs C–H
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activation. The cleavage of this bond during catalysis serves as an internal oxidant which
returns the transition metal catalyst to its original oxidation state. In 2010, Fagnou and
coworkers created an external oxidant free C–H activation/alkyne annulation synthesis of
isoquinolinones utilizing N-methoxybenzamides. Under oxidative rhodium catalytic
conditions, they observed that a mixture of isoquinolinones 281a and 281b formed in a
1:1.1 ratio (Figure 91, entry 1).96 When they attempted this reaction under non-oxidative
conditions a 1:20 ratio of products was found (Figure 91, entry 2). Due to these
observations, Fagnou and coworkers concluded the breakage of the N-O bond during the
reaction served as an internal oxidant, and negated the use of an external oxidant such as
Cu(OAc)2•H2O or Ag2CO3. Fagnou and coworkers found that the optimal reaction
conditions required methanol to be used as the solvent and 0.3 mol equivalents of CsOAc
be present as the base (Figure 91, entry 4). They reported the synthesis of twelve
isoquinolinones in great to moderate yields.
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Figure 91: The Use of Internal Oxidants in the Synthesis of Isoquinolinones

In 2011, Ackermann and coworkers developed a ruthenium catalyzed alkyne
annulation of N-methoxybenzamides 280 with internal alkynes (Figure 92, a).97 In efforts
to design more environmentally friendly synthetic methods, Ackermann devised the first
directed C–H activation/annulations of benzamides in water. They also demonstrated this
reaction could tolerate benzhydroxamides 282 as annulation partners. Ackermann utilized
deuterium labeling to gain mechanistic insight into their catalytic system and found there
was a primary kineteic isotope effect of 3.0 (Figure 92, b). This suggested that the
abstraction of the aromatic hydrogen during the CMD step of C–H activation occurs in the
rate determining step of the reaction.
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Figure 92: Ruthenium Catalyzed Isoquinolinone Synthesis and Kinetic Isotope Effect Investigation

Glorius and coworkers created a synthesis of isoquinolinones via rhodium catalyzed
alkyne annulations of N-pivaloxybenzamides 39 and alkyne MIDA boronates 285 (Figure
93).98 These annulations occurred regioselectively and generated isoquinolinones which
could be easily modified further. They exemplified this by performing Suzuki-Miyuara
cross couplings of isoquinolinones 286. Similar to Ackermann, Glorius observed a large
primary kinetic isotope effect of 8.0.

Figure 93: Annulations of MIDA alkynylboronates Enroute to Isoquinolinones
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3.1.2 Controlling Alkyne Migratory Insertion with Electronically Biased Alkynes
To date, research efforts to regioselectively control transition metal migratory insertion
processes across unsymmetrical alkynes have been sparingly reported. However, to further
advance the field of transition metal-catalyzed alkyne annulations as a potent synthetic
instrument, it is necessary to develop new methods that aim to solve the issue of achieving
regioselective annulation reactions involving unsymmetrical alkynes. As described in
chapter one, You and coworkers devised an isoquinolinone synthesis under mild rhodium
catalytic conditions. In each example presented, they isolated a single regioisomer (Figure
94, a).99 The high degree of regioselectivity is contributed to the polarized nature of
ynesulfonamides 38 (Figure 94, b). A few attempts have been made to control migratory
insertion via the use of polarized alkynes. The success of ynesulfonamides in controlling
regioselectivity in alkyne annulations presented the opportunity to expand the use of
another group of polarized alkynes, ynol ethers 168, in transition metal-catalyzed alkyne
annulations (Figure 94, c). Although they share a similar polarizable nature as
ynesulfonamides, ynol ethers have not been extensively explored as reactants in alkyne
annulations.
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Figure 94: Comparison of Ynesulfonamides and Ynol Ethers

As seen in chapter two, ynol ethers have a proven ability to regioselectively undergo
transition metal migratory insertion processes to create new enolether products (Figure
95). Traditional unsymmetrical alkynes undergo transition metal -migratory insertion
(intermediate B), but ynol ethers regioselectively deliver -migratory insertion
intermediate, A. We hypothesized that the polarized nature of the ynol ethers, which leads
to their successful participation in transition metal migratory insertion processes, will
facilitate a regioselective, transition metal-catalyzed annulation to afford 4-oxysubstituted
isoquinolinones products 287. With a need for methods that provide more diversely
substituted isoquinolinones, we set out to develop a rhodium-catalyzed regioselective
annulation of N-pivaloxybenzamides 39 and ynol ethers.

Figure 95: Using Ynol Ether in Alkyne Annulations
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3.2 Results and Discussion
3.2.1 Optimization of Reaction Conditions
Our initial optimization efforts began by performing a set of solvent screening reactions
and evaluating the reaction yields using 1H-NMR and a 2,4,5-trichlorpyrimidine internal
standard. This was done to determine what catalytic system would best facilitate the
regioselective synthesis of isoquinolinone 288aa (Figure 96, entries 1-5). While the
reaction was approximately equally successful in 1,2-dichlormethane, ethanol, methanol,
THF, and 1,4-dioxanes, it is important to note that polar, protic solvents showed greater
signs of ynol ether consumption via thin-layer chromatography analysis of the reaction
mixtures after reacting for 4 hours (Figure 96, entries 2-3). As a precaution to minimalize
ynol ether degradation prior to reacting in our alkyne annulation scheme, we performed
optimization by adding ynol ether 287a in three separate aliquots over the first 2 hours of
the reaction and stirring the reaction mixture at 30 C for an additional 2 hours. We
determined 1,2-dichloroethane was the best solvent to proceed optimization efforts in, and
we next conducted a larger set of base screening reactions (Figure 96, entries 6-14). We
observed that carboxylate bases such as sodium acetate, cesium acetate, sodium pivalate,
ammonium acetate and tetrabutylammonium acetate performed the best in this reactivity.
Carboxylate anions are well known and studied in assisting in ortho-C–H activation of
arene rings through coordination to the transition metal catalyst.
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Figure 96: Initial Optimization using phenoxy(n-butyl)acetylene

The use of tetrabutylammonium acetate as the base led to the best reaction yield, 82%
(Figure 96, Entry 14). Next, we investigated the effect adding the ynol ether as a single
aliquot at the beginning of the reaction would have on the reaction yield. This was
investigated in a base-loading screen of reaction, where we varied the amount of
tetrabutylammonium acetate between 10-200 mol% (Figure 97, entries 1-5). Slight
variations in the amount of tetrabutylammonium acetate (Figure 97, entries 1 and 3)
provided good reaction yields. When a full equivalent or excess of base was used in the
reaction, reaction yields began to reduce (Figure 97, entries 4-5). We concluded reaction
optimization by performing catalyst loading screening reactions and determined that the
ideal reaction conditions were 1.0 equiv. 39a, 1.5 equiv. 287a, 2.5 mol% (Cp*RhCl2)2, 25
mol% Bu4NOAc, 1,2-dichloromethane (0.2 M), and stirring at 30 C for 2.5 hours (Figure
97, entry 2).
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Figure 97: Final Reaction Optimization

3.2.2 Synthesis of Isoquinolinones 288
3.2.2.1 Proposed Catalytic Cycle
We envisioned this regioselective rhodium catalyzed alkyne annulation would proceed
according to the proposed catalytic cycle below (Figure 98). First, a ligand exchange
occurs between two equivalents of Bu4NOAc and (Cp*RhCl2)2 to form the active rhodium
catalyst, [Cp*Rh(OAc)2]2, and NaCl in situ. Next, [Cp*Rh(OAc)2]2 coordinates to the
nitrogen of benzamide 39a and performs C–H activation via a carboxylate assisted CMD
mechanism to generate rhodacycle A. Then, rhodium of intermediate A coordinates to ynol
ether 287a in intermediate B. The polarization of the rhodium-carbon bond is similar to
that of other metal-carbon covalent bonds where the partial negative charge lies on carbon,
and renders carbon, the nucleophilic atom of the bond. As discussed previously, ynol ethers
are polarized molecules with a partial positive charge on the sp-hybridized carbon proximal
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to the oxygen of 287a and a partial negative charge on the sp-hybridized carbon proximal
to the n-butyl substituent. The polarized natures of both the Rh–C bond and ynol ether
287a regioselectively facilitate rhodium migratory insertion across 287a, and generates
intermediate C. Lastly, reductive elimination occurs from intermediate C to produce
isoquinolinone 288aa. During the reaction the N–O bond is broken and Rh(I) reoxidizes to
Rh(III) to complete the catalytic cycle.

Figure 98: Proposed Rhodium Catalytic Cycle

3.2.2.2 Scope of Ynol Ethers
With general reaction conditions set, a variety of ynol ethers were evaluated (Figure
99). In general, aryl and alkyl groups were compatible as ynol ether substituents and
benhydroxamide 39a provided 288aa in 85% isolated yield. To note, a neopentyl group
lacks the β-hydrogens necessary for rearrangement to a ketene and provided 288ab in 71%
yield. The installation of a terminal trimethylsilyl group on the ynol-ether was well
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tolerated (Figure 99, 288ae) and is useful as a terminal alkyne surrogate or a handle for
further modification via reactions such as a Fleming–Tamao oxidation100 or a Hiyama
cross-coupling.101 Interestingly, a O-silyl ynol ether 287f did not react under these reaction
conditions (Figure 99, 288af). A free propargylic alcohol was not well-tolerated under the
reaction conditions, as rhodium rapidly facilitated a Meyer–Schuster rearrangement to give
acrylate products.102 While slow addition, via syringe pump, could alleviate this competing
reaction to some extent (Figure 99, 288ag), it was found that protection of the alcohol as
an acetate ester combined with slow addition of the ynol ether provided 288ah in 52%
yield. The methoxy variant 288ai was afforded in 26% yield under these conditions, but
the yield could be increased to 66% yield with NaOAc as the additive.
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Figure 99: Scope of Ynol Ethers in Isoquinolinone Synthesis

3.2.2.3 Scope of (O-Pivaloyl)Benzhydroxamides
Using ynol ether 287b, a variety of electronically disparate N-pivaloxybenzamide
substrates were evaluated (Figure 100). The annulation reaction with ynol ethers appears
to have a significant dependence on the electronic nature of the arene ring. 4-OMe
substituted benzamide 287b provided a poor 11% yield of isoquinolinone 288bb, while
electron neutral and electron poor substrates generally provided moderate to good yields
(288cb–288gb). Interestingly, heterocyclic substrate 288hb did not provide any
isoquinolinone product, while the isomeric benhydroxamide 287i was a compatible
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substrate affording 288ib in 74% isolated yield. The discrepancy in yields for these
benzamide derivatives likely stems from attenuation of the rate or equilibrium position of
the C–H activation process which is the rate determining step of this reactivity as shown
by Ackermann.

Figure 100: Scope of Substituted N-pivaloxybenzamides

3.2.3 Synthesis of FG-4497 Analogue
The success of propargylic acetate ynol ethers as substrates in a one-step synthesis of
a highly functionalized isoquinolinone 288ai offered a unique opportunity to demonstrate
a direct route towards the synthesis of a class of biologically active isoquinolines. These
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isoquinolines have inhibitory activity against prolyl-4-hydroxylase domain (PHD)
enzymes, which play a key role in the regulation of hypoxia inducible factor.103 Inhibition
of this enzyme is potentially therapeutic in the treatment of chronic kidney disease, cancerassociated anemia, and inflammatory bowel diseases. Utilizing our annulation with an
appropriate ynol ether would allow for the direct installation of the requisite 4-oxy
functionality and provide a route with opportunity for late stage modifications.
We began the synthesis with the rhodium-catalyzed annulation to provide 288ai in a
66% yield (Figure 101). POCl3 was used to chlorinate the carbonyl and convert 288ai to
isoquinoline 289 in a 50% yield. Notably, 1-halo isoquinolines can be further
functionalized via cross-coupling if desired.104 Next, basic treatment in methanol
hydrolyzed the acetate and the resulting primary alcohol was oxidized to aldehyde 290 in
a 63% yield over two steps without purification of the intermediate alcohol. Further
oxidation to the carboxylic acid 291 in 84% yield was followed by amide coupling with
glycine tert-butyl ester, which provided isoquinoline 291 in an 88% yield. Palladium on
carbon and ammonium formate were used to hydrogenate the 1-position of the ring,
quantitatively.105 A LiCl-TsOH tandem brought about both demethylation of the aromatic
methoxy group106 and hydrolysis of the tert-butyl ester, to afford the desired isoquinoline
in 86% yield with the correct functionalization at the 3- and 4-positions. In just eight steps,
compound 293 was isolated in 15% overall yield with minimal optimization of conditions.
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Figure 101: Synthesis of PHD Inhibitor Analogues

3.3 Conclusions
In conclusion, ynol ethers have been demonstrated as viable annulation partners in
rhodium catalyzed C–H activation reactions to provide isoquinolinone products as single
regioisomers in moderate to good yields. The polarized nature of the ynol ethers provides
the controlling element for regioselectivity during the migratory insertion step as none of
the other insertion isomers have been observed. Finally, this approach was demonstrated
to enable the rapid assembly of PHD inhibitors that contain the potential for further late
stage modifications.
Ynol ethers present a class of alkyne that can electronically control transition metal
migratory insertion processes. While this ability has been proven, ynol ethers have yet to
be extensively explored in alkyne annulation processes. Our work presents a great
opportunity to utilize ynol ethers to expand the field of transition metal-catalyzed alkyne
annulations by providing a tool that can electronically dictate regiochemistry. As we have
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demonstrated this concept works efficiently, and the continued investigation of ynol ethers
in transition metal-catalyzed alkyne annulations warrants further research efforts.
3.4 Experimental Procedures
General Information: Unless otherwise noted, reagents in this dissertation were used
without extra purification. THF was obtained from the Innovative Technologies PureSolv
MD 5 solvent purification system and kept under dry argon or nitrogen atmosphere. All
other solvents were obtained from commercial suppliers. Reagents were purchased from
Sigma-Aldrich, Fisher Scientific, Alfa Aesar, Acros Organics, and TCI and used as
received. Reactions were run in dry solvents, with a magnetic stir bar, capped with a rubber
septum, and under a nitrogen atmosphere unless otherwise indicated. Heated reactions were
performed in temperature-controlled oil baths. Thin-layer chromatography was carried out
on EMD Millipore 60 silica gel plates visualized by UV-light (254 nm /365 nm) and
treatment with KMnO4 stain followed by gentle heating utilizing a heat gun. Work-up
procedures were completed in ambient conditions. Flash chromatography was performed
on RediSep Rf Gold high performance silica gel cartridges (12-40 gram). 1H and 13C NMR
spectra were recorded with Bruker NMR spectrometer (500 MHz). 1H NMR spectra were
referenced to CDCl3 (7.26 ppm), and reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, br s = broad singlet,
m = multiplet). Chemical shifts of the 13C NMR spectra were referenced to CDCl3 (77.2
ppm) and DMSO (39.5 ppm). Mass spectral data were obtained from the Central Analytical
Laboratory at the University of Colorado at Boulder and John Latham at the University of
Denver.
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**Compounds 39h-i109, 39b-g and 39k110,122, 39l111,112, 287a113, and 287e-f114 were
prepare according to literature procedure and matched characterization values.
3.4.1 Synthesis of Alkylated Ynol Ethers 287b-d

The corresponding dichlorovinyl ether (1.0 equiv.) was added to a multi-neck flask.
The flask was place under a nitrogen atmosphere by evacuation and refill (3x) and THF
(0.1 M) was added. The round bottomed flask was cooled to -78 °C, and nBuLi (2.2 equiv.)
was added dropwise. The reaction mixture was warmed to -40 °C for 1 h, and then cooled
to -78 °C. Then the alkylhalide (0.93 equiv.) was added and warmed to room temperature
over 2-8 h (Note: For iodobutane as the electrophile HMPA (2.2 equiv.) was added first to
the flask, and the reaction mixture was stirred for 30 min at -78 °C. Then, iodobutane was
added.). The reaction was quenched with 40 mL of sat. NH 4Cl, washed twice with water
and once with brine. The organic layer was dried over Na2SO4. The crude product was
concentrated under reduced pressure and purified by flash chromatography (Hexanes, 1.5
min. retention time). Products were verified by 1H, and

13C

NMR. Isolated yields are

reported below. Mass spectral analysis was attempted on all compounds via HR- and LRLCMS, however the mass of the ynol ethers were not observed, likely due to poor
ionization. This ionization issue is in agreeance with other low molecular weight ynol
ethers.24 Still, the 1H-NMR and 13C-NMR spectra as well as the products obtained from the
annulation of these compounds gives strong evidence for their synthesis.
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1-(neopentyloxy)hex-1-yne (287b): 10.9 mmol scale, pale-yellow oil, (0.972 g, 5.8
mmol, 53% yield) was isolated.
1H

NMR (500 MHz, Chloroform-d) δ 3.70 (s, 2H), 2.13 (t, J = 6.7 Hz, 2H), 1.43 (m,

4H), 0.97 (s, 9H), 0.92 (t, J = 7.1 Hz, 3H).
13C

NMR (126 MHz, Chloroform-d) δ 84.5, 36.6, 31.9, 29.7, 28.0, 21.9, 18.6, 16.9,

13.7.

1-(neopentyloxy)prop-1-yne (287c): 10 mmol scale, pale yellow oil, (0.462 g, 3.7
mmol, 37% yield).
1H

NMR (500 MHz, Chloroform-d) δ 3.70 (s, 2H), 1.74 (s, 3H), 0.97 (s, 9H).

13C

NMR (126 MHz, Chloroform-d) δ 88.6, 88.3, 32.2, 31.1, 25.9, 1.5.

1-isobutoxyhex-1-yne (287d): 8.6 mmol scale, pale-Yellow oil, (0.806 g, 5.2 mmol,
59% yield) was isolated.
1H

NMR (500 MHz, Chloroform-d) δ 3.76 (d, J = 6.8 Hz, 2H), 2.13 (t, J = 6.7 Hz,

2H), 2.06 (qt, J = 6.7, 6.7 Hz, 1H), 1.43 (m, 4H), 1.0 (d, J = 6.8, 6H), 0.92 (t, J = 7.1 Hz,
3H).
13C

NMR (126 MHz, Chloroform-d) δ 90.0, 84.4, 36.6, 31.9, 28.0, 21.9, 18.5, 16.9,

13.6.
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3.4.2 Synthesis of Ynol ethers 287e and 287i

(287e) (ethoxyethynyl)trimethylsilane: Molecular formula: C7H14OSi. A 250-mL,
oven dried, two neck flask was place under a nitrogen atmosphere by evacuation and refill
(3x). Diisopropyl amine (1.8 mL, 17.5 mmol, 3.5 equiv.) and THF (100 mL) were then
added. The flask was cooled to 0 °C and 2.5 M n-BuLi (7.0 mL, 17.5 mmol, 3.5 equiv.)
was added slowly to form lithium diisopropyl amide in-situ. The reaction was stirred at 0
°C for 1 h. Chloroacetaldehyde dimethyl acetal (0.82 mL, 5.5 mmol, 1.0 equiv.) was added
over 10 min. and the reaction was stirred for 2 hours at 0 °C. Next, the TMS-Cl (1.26 mL,
10 mmol, 2.0 equiv.) was added, and the reaction was stirred for an additional hour at 0
°C. The reaction was quenched by adding saturated, aqueous NH 4Cl, which was extracted
with EtOAc. The combined organics were washed with brine, dried over anhydrous
Na2SO4, and concentrated under reduced pressure. The crude product was purified via flash
chromatography (Hexanes, retention time 1.5 min) to provide a colorless oil, (0.284 g, 2.0
mmol, 18% yield).
1H

NMR (500 MHz, Chloroform-d) δ 4.15 (q, J = 7.1 Hz, 2H), 1.40 (t, J = 7.1 H, 3H),

0.15, (s, 9H).
13C

NMR (126 MHz, Chloroform-d) δ 109.5, 74.8, 36.8, 14.2, 0.69
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Mass spectral analysis was attempted on all compounds via HR- and LR-LCMS;
however, the mass of the ynol ethers were not observed, likely due to poor ionization. This
ionization issue is in agreeance with other low molecular weight ynol ethers. 115 However,
the 1H-NMR and 13C-NMR spectra as well as the products obtained from the annulation of
these compounds gives strong evidence for their synthesis.

(287i) 3-methoxyprop-2-yn-1-yl acetate: Molecular formula: C6H8O3. 1. A 250-mL,
oven dried, two neck flask was placed completely under a nitrogen atmosphere by
evacuating and refilling (3x). Diisopropyl amine (8.3 mL, 59.5 mmol, 3.5 equiv.) and THF
(130 mL) were added. The flask was cooled to 0 °C and 2.5 M nBuLi (20.4 mL, 51 mmol,
3.0 equiv.) was added slowly to form lithium diisopropyl amide in-situ. The reaction was
stirred at 0 °C for 1 hour. The chloroacetaldehyde dimethyl acetal (1.93 mL, 17 mmol, 1.0
equiv.) was added over 10 min. and the reaction was stirred for 2 hours at 0 °C. Next,
freshly ground paraformaldehyde (2.0 g, 68 mmol, 4.0 equiv.) was added, and the reaction
was stirred for an addition hour at 0 oC. The reaction was quenched by adding saturated,
aqueous NH4Cl. The solution was washed with brine and extracted three times with EtOAc.
The solution was evaporated close to dryness under reduced pressure (minimum presure =
100 mbar).

2. The crude product was dissolved in dry CH2Cl2 (30 mL). Triethylamine (8.2 mL,
59.5 mmol, 3.5 equiv.) was added and the reaction mixtures were allowed to stir at room
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temperature for 10 min. Then, a single crystal of DMAP and acetyl chloride (2.4 mL, 34
mmol, 2.0 equiv.) were added and the reaction mixture stirred at room temperature for 30
min. The mixture was washed with brine and dried over anhydrous Na2SO4, and the
concentrated under reduced pressure. The crude product was purified by flash
chromatography (Gradient: 25-50% EtOAc in Hexanes, retention time 5.0 min.) to give a
colorless oil (686 mg, 5.4 mmol, 46% yield). (ethoxyethynyl)trimethylsilane:
1H

NMR (500 MHz, Chloroform-d) δ 4.70 (s, 2H), 3.92 (s, 3H), 2.10 (s, 3H).

13C

NMR (126 MHz, Chloroform-d) δ 170.5, 96.3, 65.8, 52.6, 32.1, 20.9.8

Mass spectral analysis was attempted on all compounds via HR- and LR-LCMS;
however, the mass of the ynol ethers were not observed, likely due to poor ionization. This
ionization issue is in agreeance with other low molecular weight ynol ethers. 115 However,
the 1H-NMR and 13C-NMR spectra as well as the products obtained from the annulation of
these compounds gives strong evidence for their synthesis.
3.4.3 General Procedure for Rhodium Catalyzed Annulations
To a round bottom flask 1a (0.25 mol), cyclopentadienyl rhodium chloride dimer (1.25
– 2.5 mol%), and Bu4NOAc (25 mol%) were added. The flask was evacuated and refilled
with N2 gas. 1,2-Dichloroethane (1.0 mL) was added to the flask, and the mixture was
heated to 30 °C. Then, a solution of ynol ether (0.30 mmol) in 1,2-Dichlorethane (1.0 mL)
was added via syringe. The reaction mixture was then stirred for 2.5 h. The reaction mixture
was concentrated, loaded directly onto silica and purified by flash chromatography
(CH2Cl2/MeOH). Products were verified by 1H, and 13C-NMR. Isolated yields are reported
below.
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3-butyl-4phenoxyisoquinoline-1(2H)-one (288aa) This compound was prepared
according to the general procedure. Yellow solid, 62.9 mg and 60.1 mg (85% yield) were
isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.90 (s, 1H), 8.45 (d, J = 8.0 Hz, 1H), 7.62 (dd,

J = 8.1, 7.0, 1H), 7.55 (d,J = 7.7 Hz, 1H), 7.50 (dd, J = 8.2, 7.0 Hz, 1H), 7.29 (dd, J = 8.9,
7.4 Hz, 2H), 7.04 (dd, J = 7.4, 7.4 Hz, 1H), 6.96 (d, J = 7.8 Hz, 2H), 2.69 (t, J = 7.8 Hz,
2H), 1.74 (tt, J = 7.8, 7.4 Hz, 2H), 1.43 (qt, J = 7.4, 7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 163.6, 158.8, 134.9, 134.7, 132.7, 130.2, 129.7,

127.7, 126.3, 125.0, 122.0, 121.5, 114.9, 30.2, 27.7, 22.4, 13.7; HRMS (ESI-): 292.1338
m/z (calculated for M-) 292.1346 m/z (observed).
3-buytyl-4-neopentoxyisoquin-1(2H)-one (288ab) This compound was prepared
according to the general procedure. Yellow solid, 54.0 mg and 48.0 mg (71%) were
isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.87 (s, 1H), 8.43 (d, J = 8.0, 1H), 7.79 (d, J =

8.0, 1H), 7.72 (dd, J = 8.0, 7.0, 1H), 7.49 (dd, J = 8.0, 7.0, 1H), 3.54 (s, 2H), 2.76 (t, J =
7.4 Hz, 2H), 1.80 (m, 2H), 1.51 (m, 2H), 1.18 (s, 9H), 1.01 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 163.3, 135.3, 134.6, 133.6, 132.3, 127.8, 125.8,

125.0, 120.8, 84.2, 32.5, 30.8, 27.4, 26.7, 22.7, 13.8.
HRMS (ESI-): 286.1807 m/z (calclulated for M-), 286.1811 m/z observed.
3-methyl-4(neopentyloxy)isoquinolin-1(2H)-one (288ac) This compound was
prepared according to the general procedure. Yellow solid, 20.2 mg and 21.0 mg (34%)
were isolated. 1H NMR (500 MHz, Chloroform-d) δ 11.33 (s, 1H), 8.43 (d, 7.7 Hz, 1H),
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7.78 (dd, J = 8.3, 1.4 Hz, 1H), 7.72 (ddd, J = 8.3, 7.0, 1.4 Hz, 1H), 7.49 (ddd, J = 8.1, 7.0,
1.2 Hz, 1H), 3.52 (s, 2H), 2.42 (s, 3H), 1.18 (s, 8H).
13C

NMR (126 MHz, Chloroform-d) δ 163.1, 135.3, 134.9, 132.5, 129.0, 127.8, 125.9,

124.8, 120.6, 83.6, 32.5, 26.7, 13.6.
HRMS (ESI+): 246.1494 m/z (calculated for M+H), 246.1497 m/z (observed).
3-butyl-4isobutoxyisoquinolin-1(2H)-one (288ad) This compound was prepared
according to the general procedure. Yellow solid, 49.4 mg and 47.8 mg (71%) were
isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.67 (s, 1H), 8.42 (d, J = 7.9 Hz, 1H), 7.78 (d,

J = 8.0 Hz, 1H), 7.72 (dd, J = 8.0, 7.3 Hz, 1H), 7.49 (dd, J = 8.0, 7.0 Hz, 1H), 3.65 (d, J =
6.3 Hz, 2H), 2.77 (t, J =7.7 Hz, 2H), 2.2 (m, 1H), 1.79 (m, 2H), 1.5 (m, 2H), 1.2 (d, J = 6.7
Hz, 6H), 1.0 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 162.9, 135.2, 134.9, 133.2, 132.4, 127.8, 125.9,

125.0, 120.9, 81.0, 30.7, 29.3, 27.4, 22.6, 19.4, 13.8;
HRMS (ESI+): 274.1807 m/z (calculated for M+H), 274.1820 m/z (observed).
3-(trimethylsilyl)-4-ethoxyisoquinolin-1(2H)-one (288ae) This compound was
prepared according to the general procedure. Yellow solid, 65.4 mg and 60.7 mg (97%)
were isolated.
1H

NMR (500 MHz, Chloroform-d) δ 9.08 (s, 1H), 8.42 (d, J = 8.0 Hz, 1H), 7.71 (m,

2H), 7.53 m, 1H), 3.94 (q, J = 7.0 Hz, 2H), 1.50 (t, J = 7.0 Hz, 3H), 0.44 (s, 9H);
13C

NMR (126 MHz, Chloroform-d) δ 162.5, 145.4, 134.0, 132.3, 131.7, 128.1, 127.3,

126.7, 121.3, 70.9, 15.4, 1.37;
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HRMS (ESI+): 262.1263 m/z (calculated for M+H), 262.1260 m/z (observed).
3-(hydroxylmethyl)-4-(neopentyloxy)isoquinolin-1(2H)-one (288ag) To a septumfitted 1-dram vial 1a (9.0 mg, 0.05 mmol, 1.0 equiv.), cyclopentadienyl rhodium chloride
dimer (0.8 mg, 1.25 µmol, 2.5 mol%), and NaOAc (1.0 mg, 12.5 µmol, 25 mol%) were
added. The flask was evacuated and refilled with N2 gas. Methanol (0.2 mL) was added to
the flask, and the mixture was heated to 30 °C. A solution of 3-(neopentoxy)prop-2-yn-1ol (28.4 mg, 0.2 mmol, 4.0 equiv) in 0.2 mL of methanol was added while heating at 30 °C
over 4 hours via syringe pump; bringing the total concentration of the reaction to (0.125
M). The reaction mixture was stirred for 30 minutes after the addition was completed and
was

concentrated

under

reduced

pressure.

An

internal

standard

of

2,4,5-

trichloropyrimidine was added (26.2 µmol, 3.0 µL) and the yield was determined by
integrating the internal standard in the 1H-NMR (8.62 ppm) and comparing that to the
integrated value for a single proton in the product peak (8.41 ppm). 19% yield.
(4-(neopentyloxy)-1-oxo-1,2-dihydroisoquinolin-3-yl)methyl acetate (288ah) To a
septum-fitted 1-dram vial 1a (9.0 mg, 0.05 mmol, 1.0 equiv.), cyclopentadienyl rhodium
chloride dimer (0.8 mg, 1.25 µmol, 2.5 mol%), and NaOAc (1.0 mg, 12.5 µmol, 25 mol%)
were added. The flask was evacuated and refilled with N 2 gas. Methanol (0.2 mL) was
added to the flask, and the mixture was heated to 30 °C. A solution of 3(neopentyloxy)prop-2-yn-1-yl acetate (16.8 mg, 0.1 mmol, 2.0 equiv.) in 0.2 mL of
methanol was added while heating at 30 °C over 4 hours via syringe pump; bringing the
total concentration of the reaction to (0.125 M). The reaction mixture stirred for 30 minutes
after the addition was completed and was concentrated under reduced pressure. An internal
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standard of 2,4,5-trichloropyrimidine was added (26.2 µmol, 3.0 µL) and the yield was
determined by integrating the internal standard in the 1H-NMR (8.62 ppm) and comparing
that to the integrated value for a single proton in the product peak (8.41 ppm). 38% yield.
(4-methoxy-1-oxo-dihydroisoquinolin-3-yl)methyl acetate (288ai) To a round
bottomed flask N-(pivaloxy)benzhydroxamic acid (0.398g, 1.8 mmol, 1.0 equiv.), NaOAc
(36.9 mg, 2.1 mmol, 0.25 equiv.), and (Cp*RhCl2)2 (11.5 mg, 0.18 mmol, 0.01 equiv.) were
added, and the flask was placed completely under a nitrogen atmosphere. Methanol (12
mL) was then added to the round bottomed flask. A solution of 3-methoxyprop-2-yn-1-yl
acetate (2i) (240 mg, 2.1 mmol, 1.2 equiv.) in 2 mL of methanol was added while heating
at 30 °C over 4 hours via syringe pump; bringing the total concentration of the reaction to
(0.125 M). The reaction stirred for 30 minutes after the addition was complete and the
reaction mixture was concentrated under reduced pressure. The crude product was purified
by flash chromatography (Gradient: 2-5% MeOH in CH2Cl2, retention time = 9.5 min.).
Pale yellow solid, 0.293 g (1.18 mmol, 66% yield) was isolated.
1H

NMR (500 MHz, Chloroform-d) δ 9.24 (s, 1H), 8.43 (d, J = 7.9 Hz, 1H) , 7.83 (d, J

= 7.9 Hz, 1H, 7.78 (ddd, 7.9, 7.2, 1.0 Hz 1H), 7.58 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H)), 5.21 (s,
2H), 3.91 (s, 3H), 2.19 (s, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 171.1, 162.5, 138.1, 134.0, 132.7, 128.0, 127.5,

126.4, 126.3, 121.5, 63.1, 58.0, 20.9.
HRMS (ESI-): 246.0766 m/z (calculated for M-), 246.0763 m/z (observed).
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3-butyl-4-neopentoxy-6-methoxyisoquinolin-1(2H)-one (3bb) This compound was
prepared according to the general procedure. Yellow solid, 11.0 mg and 6.3 mg (11%) were
isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.4 (s, 1H), 8.31 (d, J = 8.9 Hz, 1H), 7.17 (d, J

= 2.4 Hz, 1H), 7.05 (dd, J = 8.9, 2.4 Hz, 1H), 3.93 (s, 3H), 3.52 (s, 2H), 2.72 (t, J = 7.8
Hz, 2H), 1.75 (dd, J = 7.8, 7.5 Hz, 2H), 1.48 (dt, J = 7.4, 7.4 Hz, 2H), 1.18 (s, 9H), 1.00 (t,
J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 163.2, 162.3, 137.3, 134.3, 133.5, 130.0, 118.65,

115.9, 101.8, 83.8, 55.4, 32.5, 30.6, 27.3, 26.6, 22.5, 13.8.
HRMS (ESI-): 316.1913m/z (calculated for M-), 316.1906 m/z (observed).
3-butyl-4-neopentoxy-6-bromoisoquinolin-1(2H)-one (288cb) This compound was
prepared according to general procedure. Yellow solid, 60.6 mg and 55.5 mg (64%) were
isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.21 (s, 1H), 8.24 (d, J = 8.6 Hz, 1H), 7.91 (d,

J = 1.9 Hz, 1H), 7.56 (dd, J = 8.6, 1.9 Hz, 1H), 3.50 (s, 2H). 2.72 (t, J = 7.9 Hz, 2H), 1.76
(m, 2H), 1.48 (dt, J = 7.4, 7.4 Hz, 2H), 1.2 (s, 9H), 1.00 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 162.7, 136.7, 135.1, 133.6, 129.6, 129.2, 127.9,

123.7, 123.5, 84.3, 32.6, 30.7, 27.4, 26.6, 22.6, 13.8.
HRMS (ESI-): 364.0912 m/z (calculated for M-), 364.0914 m/z (observed).
3-butyl-4-neopentoxy-6-flouroisoquinolin-1(2H)-one (288db) This compound was
prepared according to the general procedure. Yellow solid, 44.0 mg and 40.2 mg (56%)
were isolated.
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NMR (500 MHz, Chloroform-d) δ 12.03 (s, 1H), 8.42 (dd, J = 8.9, 8.8 Hz, 1H),

1H

7.38 (d, J = 10.0 1H), 7.17 (dd, J = 8.6, 8.4 Hz, 1H), 3.51 (s, 2H), 2.75 (t, J = 7.9 Hz, 2H),
1.80 (m, 2H), 1.51 (m, 2H), 1.17 (s, 9H), 1.01 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 166.6, 164.6, 162.7, 137.8 (d, J = 9.8 Hz), 135.3,

134.1 (d, J = 3.2 Hz), 131.0 (d, J = 10.0 Hz), 121.5, 114.6 (d, J = 24.0 Hz), 106.1 (d, J =
23.3 Hz), 84.1, 32.5, 30.8, 27.4, 22.6, 13.8.
HRMS (ESI-): 304.1713 m/z (calculated for M-)-, 304.1725 m/z (observed).
3-butyl-4-neopentoxy-6-(trifluoromethyl)isoquinolin-1(2H)-one

(288eb)

This

compound was prepared according to the general procedure. Yellow solid, 44.9 mg and
46.7 mg (52%) were isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.64 (s, 1H), 8.51 (d, J = 8.4 Hz, 1H), 8.08 (s,

1H), 7.67 (d, J = 8.4, 1H), 3.53 (s, 2H), 2.77 (t, J = 7.4 Hz, 2H), 1.80 (tt, J = 7.9, 7.5 Hz,
2H), 1.51 (qt, J = 7.4, 7.4 Hz, 2H), 1.19 (s, 9H), 1.02 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 162.3, 135.3 (d, J = 17.4 Hz), 134.3, 134.2

128.9, 126.9, 124.9, 122.8, 121.9, 118.5, 84.5, 32.6, 30.7, 27.4, 26.6, 22.6, 13.8.
HRMS (ESI-): 354.1681 m/z (calculated for M-), 354.1692 m/z (observed).
3-butyl-4-neopentoxy-6-nitroisoquinolin-1(2H)-one (288fb) This compound was
prepared according to the general procedure. Yellow solid, 35.3 and 40.5 mg (45%) were
isolated.
1H

NMR (500 MHz, Chloroform-d) δ 10.94 (s, 1H), 8.67 (s, 1H), 8.54 (d, J = 10.4 Hz,

1H), 8.23 (d, J = 8.7 Hz, 1H), 3.5 (s, 2H), 2.77 (t, J = 7.1 Hz, 2H), 1.78 (tt, J = 8.1, 7.1 Hz,
, 2H), 1.50 (qt, J = 7.3, 7.1 Hz, 2H), 1.22 (s, 9H), 1.03 (t, J = 7.2 Hz, 3H);
106

NMR (126 MHz, Chloroform-d) δ 161.5, 150.7, 136.0, 135.7, 134.3, 130.0, 128.3,

13C

119.6, 117.0, 84.8, 32.6, 30.5, 27.5, 26.6, 22.5, 13.8.
HRMS (ESI): 331.1658 m/z (calculated for M-), 331.1658 m/z (observed).
3-butyl-4-neopentoxy-6-cyanoisoquinolin-1(2H)-one (288gb) This compound was
prepared according to the general procedure. Yellow solid, 32.0 mg and 32.4 mg (41%)
were isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.29 (s, 1H), 8.47 (d, J = 8.3 Hz, 1H), 8.06 (s,

1H), 7.67 (d, J = 8.2 Hz, 1H), 3.51 (s, 2H), 2.75(t, J = 7.9 Hz, 2H), 1.77 (tt, J = 7.8, 7.4.
Hz, 2H), 1.5 (qt, J = 7.4, 7.4 Hz, 2H), 1.19 (s, 9H), 1.02 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 161.9, 135.7, 135.5, 133.7, 129.0, 127.7, 127.1,

126.1, 118.5, 116.1, 84.7, 32.6, 30.6, 27.5, 26.6, 22.5, 13.8; HRMS (ESI-): 311.1760m/z
(calculated for M-), 311.1763 m/z (observed).
3-butyl-4-(neopentyloxy)-2,6-naphthyridin-1(2H)-one (288ib) This compound was
prepared according to the general procedure. Yellow solid, 61.6 mg and 46.1 mg (74%)
were isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.90 (s, 1H), 9.23 (s, 1H), 8.70 (d, J = 5.3 Hz,

1H), 8.14 (d, J = 5.3 Hz, 1H), 3.57 (s, 2H), 2.75 (t, J = 7.9 Hz, 2H), 1.78 (tt, J = 7.4, 7.8
Hz, 2H), 1.52 (qt, J = 7.4, 7.4 Hz, 2H), 1.17 (s, 9H), 1.02 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 162.1, 145.6, 145.6, 135.5, 133.5, 129.6, 129.5,

119.7, 84.9, 32.6, 30.7, 27.3, 26.6, 22.6, 13.8.
HRMS (ESI-): 287.1760 m/z (calculated for M-), 287.1768 m/z (observed).
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3-butyl-4-neopentoxy-6-methylisoquinolin-1(2H)-one (288jb) This compound was
prepared according to the general procedure. Yellow solid, 35.1 mg and 45.2 mg (52%)
were isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.16 (s, 1H), 8.30 (d, J = 8.2 Hz, 1H), 7.55 (s,

1H), 7.29 (d, J = 10.1 Hz, 1H), 3.52 (s, 2H), 2.72 (t, J = 7.9 Hz, 2H), 2.53 (s, 3H), 1.76
(tt, J = 7.8, 7.4Hz, 2H), 1.48 (qt, J = 7.4, 7.4 Hz, 2H), 1.18 (s, 9H), 1.00 (t, J = 7.4 Hz, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 163.0, 142.8, 135.3, 134.4, 133.4, 127.8, 127.5,

122.8, 120.6, 84.0, 32.6, 30.8, 27.4, 26.7, 22.6, 22.3, 13.8.
HRMS (ESI-): 300.1964 m/z (calculated for M-), 300.1973 m/z (observed).
1-chloro-3-methylacetate-4-methoxyisoquinoline (289) To a 250 mL round
bottomed flask (4-methoxy-1-oxo-dihydroisoquinolin-3-yl)methyl acetate (220 mg, 0.89
mmol, 1.0 equiv.) and DMF (60 mL) were added. Next, POCl3 (0.33 mL, 3.6 mmol, 4.0
equiv.) was added at room temperature, and the reaction mixture was heated 110 °C for 4
hours. The reaction mixture was cooled to room temperature and then poured over ice
water. The aqueous mixture was extracted three times with CH 2Cl2. The combined organic
layer was washed five times with water and dried over anhydrous Na 2SO4. The organic
layer was concentrated under reduced pressure and was purified by flash chromatography
(Gradient: 0-6% MeOH in CH2Cl2, retention time = 13.0 min.). White solid, 0.138 g (0.52
mmol, 50% yield) was isolated.
1H

NMR (500 MHz, Chloroform-d) δ 11.40 (s, 1H), 8.31 (d, J = 8.4 Hz, 1H), 8.12 (d,

J = 8.4 Hz, 1H), 7.82 (dd, J = 7.8, 7.4 Hz, 1H), 7.72 (dd, J = 7.8, 7.4 Hz, 1H), 5.35 (s, 2H),
4.00 (s, 3H), 2.14 (s, 3H);
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NMR (126 MHz, Chloroform-d) δ 170.8, 150.3, 145.8, 139.3, 133.0, 131.3, 129.0,

13C

128.0, 126.9, 122.1, 63.6, 62.2, 21.0.
HRMS (ESI+): 288.0403 m/z (calculated for M+Na), 288.0408 m/z (observed).
1-chloro-4-methoxyisoquinolin-3-carbaldehyde (290) To a 25 mL round bottomed
flask 1-chloro-3-methylacetate-4-mehtoxyisoquinoline (131 mg, 0.5 mmol, 1.0 equiv.),
K2CO3 (170 mg, 1.2 mmol, 2.5 equiv.), and MeOH (7 mL) were added. The reaction
mixture was stirred at room temperature for 30 minutes. The reaction mixture was diluted
with EtOAc, and washed with brine. The organic layer was dried over anhydrous Na2SO4.
The volatile solvents were evaporated under reduced pressure, and the pale solid was
dissolved in CH2Cl2 (0.5 M). MnO2 (424 mg, 2.9 mmol, 10 equiv.) was added and the
mixture was stirred for 30 min at room temperature. The reaction mixture was filtered
through Celite and the Celite was rinsed with MeOH. The volatile solvents were evaporated
under reduced pressure and the crude product was purified by flash chromatography
(Gradient: 30-100% EtOAc in Hexanes, retention time = 3.5 min.). White solid, 68 mg
(0.31 mmol, 63% yield) was isolated.
1H

NMR (500 MHz, Chloroform-d) δ 10.34 (s, 1H), 8.41 (m, 2H), 7.93(m, 2H), 4.20

(s, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 189.3, 155.5, 146.2, 135.9, 133.4, 131.9, 131.7,

129.9, 127.0, 123.8, 64.8.
HRMS (ESI+): 244.0141 (calculated for M+Na), 244.0145 m/z (observed).
1-chloro-4-methoxyisoquinolin-3-carboxylic acid (291) To a 50 mL round bottomed
flask 1-chloro-4-methoxyisoquinoli-3-carbaldehyde (64 mg, 0.29 mmol, 1.0 equiv.), 2109

methyl-2-butene (1.45 ml, 0.2 M), and tBuOH (6 ml, 0.05 M) were added. Then, a solution
of NaClO2 (262.2 mg, 2.9 mmol, 10 equiv.) and NaH2PO4 monohydrate (276 mg, 2.0
mmol, 7.0 equiv.) in H2O (3.0 ml, 0.1M) was added dropwise over 10 minutes. The mixture
was stirred at room temperature overnight. The reaction mixture was diluted with EtOAc
and the organic layer was washed once with 1 M HCl. The aqueous layer was extracted
three times with EtOAc. The organic layers were combined and dried over anhydrous
Na2SO4, and volatile solvents were removed under reduced pressure and purified via flash
chromatography (Gradient: 6-16% MeOH in CH2Cl2, retention time = 4.5 min). White
solid, 58 mg (0.24 mmol, 84% yield). Note: This substrate proved difficult to completely
purify, and the 1H-NMR spectra show these minor impurities.
1H

NMR (500 MHz, Chloroform-d) δ 10.43 (s, 1H), 8.38 (m, 2H), 7.92 (m, 2H), 4.20

(s, 3H);
13C

NMR (126 MHz, Chloroform-d) δ 162.5, 155.4, 144.2, 134.5, 132.3, 131.5, 130.0,

128.9, 126.9, 123.9, 64.0.
HRMS (ESI-): 236.0114 m/z (calculated for M-), 236.0119 m/z (observed).
tert-butyl 2-(1-chloro-4methoxyisoquinoline-3-carboxamido)acetate (292) To a 25
mL round bottomed flask1-chloro-4-methoxyisoquinolin-3-carboxylic acid (44.0 mg, 0.19
mmol, 1.0 equiv.), HATU (77.2 mg, 0.20 mmol, 1.1 equiv.), and DMF (4 mL) were added.
The mixture was stirred at room temperature for 10 minutes. Then, glycine tertbutyl ester
(73.7 mg, 0.56 mmol, 3.0 equiv.) in 2.0 mL of DMF was added bring the total reaction
concentration to 0.04 M. The reaction was stirred at room temperature for 20 minutes, then
diisopropylethylamine (0.10 mL, 0.54 mmol, 2.9 equiv.) was added. The reaction was
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stirred overnight under N2 atmosphere. The reaction was diluted with CH2Cl2, and washed
five times with DI H2O, & once with brine. The organic layer was dried over anhydrous
Na2SO4 and purified by flash chromatography (Gradient: 5-10% MeOH in CH2Cl2,
retention time = 4.0 min). White solid, 65.0 mg (0.19 mmol, 100% yield).
1H

NMR (500 MHz, Chloroform-d) δ 8.34 (dd, J = 7.9, 7.8 Hz, 2H), 8.31 (s, 1H),

7.87 (dd, J = 8.3, 7.0, 1.2 Hz, 1H), 7.81 (ddd, J = 8.2, 7.0, 1.5 Hz, 1H), 4.20 (d, J = 5.50
Hz, 3H), 4.16 (s, 3H), 1.53 (s, 9H);
13C

NMR (126 MHz, Chloroform-d) δ 169.0, 163.1, 153.1, 144.0, 134.6, 132.5,

131.5, 130.3, 129.3, 126.7, 123.5, 82.2, 63.8, 42.1, 28.1.
HRMS (ESI+): 373.0931 m/z (calculated for M+Na), 373.0950 m/z (observed).
2-(5-hydroxyisoquinoline-3carboxamido)acetic acid (293) (1) To a 25 mL round
bottomed flask (1-chloro-4-methoxyisoquinoline-3-carboxamid)acetate (28.5 mg, 0.08
mmol, 1.0 equiv.), Pd/C (8.5 mg, 0.08 mmol, 1.0 equiv.), ammonium formate (7.5 mg,
0.12 mmol, 1.5 equiv.), and EtOAc (10 mL) were added. The reaction mixture was
refluxed for 1 hour. The crude mixture was filtered through a silica plug to remove the
palladium, and the volatile solvents were evaporated under reduced pressure. The crude
product was purified by flash chromatography (Gradient: 25-50% EtOAc in Hexanes,
retention time = 8.5 min.) to afford tert-butyl-2-(4-methoxyisoquinoline-3carboxamido)acetate. White solid, 25.3 mg (0.08 mmol, 100% yield).
1H

NMR (500 MHz, Chloroform-d) δ 9.00 (s, 1H), 8.60 (s, 1H), 8.33 (d, J =8.3 Hz ,

1H), 8.04 (d, J = 8.25 Hz, 1H), 7.81 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.73 (ddd, J = 8.1,
6.9, 1.2 Hz, 1H), 4.23 (d, J = 5.4 Hz, 2H), 4.16 (s, 3H), 1.53 (s, 9H);
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13C

NMR (126 MHz, Chloroform-d) δ 169.3, 164.4, 153.2, 146.4, 133.8, 132.6,

131.3, 130.7, 129.1, 127.4, 122.8, 82.1, 63.5, 42.1, 28.1
HRMS (ESI+): 317.1501 m/z (calculated for M+H), 317.1501 m/z (observed).

(2) To a 10 mL round bottomed flask, tert-butyl-2-(4-methoxyisoquinoline-3carboxamido)acetate (25.3 mg, 0.08 mmol, 1.0 equiv.), p-TSA monohydrate (33.9 mg,
0.8 mmol, 10 equiv.), LiCl (10 equiv.), and NMP (1 mL) were added. The reaction
mixture was heated to 180 °C for 1 hour. The reaction was quenched with water, and the
aqueous layers were extracted three times with EtOAc. The organic layer was washed
once with brine, dried over Na2SO4 and the volatile solvents were evaporated under
reduced pressure. The crude product was purified by flash column (Gradient: 0-3 %
AcOH in EtOAc, retention time = 3.5 min) to yield. Molecular formula: C12H10N2O4.
White solid, 17 mg (0.07 mmol, 86% yield). The 13C NMR spectrum was obtained in
Acetone-d6 due to better solubility, however better 1H-NMR resolution was obtained in
DMSO-d6.
1H

NMR (500 MHz, DMSO-d6) δ 12.83 (s, 1H), 9.37 (s, 1H), 8.90 (s, 1H), 8.29 (d, J

= 7.9 Hz, 1H), 8.21 (d, J = 7.5 Hz, 1H), 7.89 (m, 2H), 7.13 (br s, 1H), 4.05 (d, J = 6.2 Hz,
2H);
13C

NMR (126 MHz, Acetone-d6) δ 209.1, 170.2 169.9, 154.4, 142.3, 131.6, 130.2,

129.9, 127.5, 122.1, 68.4, 40.1;
HRMS (ESI-): 245.0562 (Calculated for M-) 245.0563 (observed)
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3.5 NMR Spectra from Chapter 3
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Chapter Four: Access to Substituted Indenol Ethers via Carbopalladation Heck
Cascades
4.1. Introduction
Since the initial demonstration of accessing polycyclic structures, such as the zipper
approach to generate the A-D rings of a steroid skeleton reported by Negishi in 1990,116117

carbopalladation cascade (or domino) reactions of alkynes have represented a powerful

class of transformations which can rapidly build multiple new C–C bonds (Figure 102,
a).118 The ability and necessity to intercept the Pd-vinyl adducts of alkyne carbopalladation
results in a multitude of options for further functionalization. Variations of this reaction are
popular because molecular complexity can be quickly built, and the transformations are
robust enough for wide ranging applications including in complex total syntheses (Figure
102, b).119-126 Many natural product synthetic routes involve intramolecular alkyne
carbopalladation reactions, where issues of regioselectivity are not prevalent. The
regiocontrol of migratory insertion are more challenging for reactions that involve an
intermolecular alkyne carbopalladation step. As a result, many examples involving
intermolecular alkyne carbopalladation report using symmetrically substituted alkynes or
limited examples of unsymmetrically substituted alkynes, often with incomplete
regioselectivity. Specifically, in effort to advance Heck cascade reactions as potent
synthetic tools, further synthetic research is necessary toward developing regioselective
cascade reactions with unsymmetrical alkynes.
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Figure 8302: Seminal Heck Cascade and Provided Access to Natural Product Scaffolds

4.1.1. Synthesis of Indenes via Transition Metal Catalyzed Alkyne Annulations
Oligosubstituted indenes represent important scaffolds in variety of fields with
applications in pharmaceuticals 127-132 and materials research (Figure 102, c).133-134 Indeed,
a number of Pd-catalyzed methods involving the intermolecular annulations of alkynes
have been developed which result in indene-based products. Heck reported a single
example of o-iodobenzaldehyde reacting with diphenyl acetylene to provide indenones.135
This work was built on by the Yamamoto and coworkers who converted o-haloaldehydes
302 to 2-inden-1-ol derivatives 304 via an intermolecular Heck cascade reaction. They were
further able to thermally isomerize 304 to indanones 305 (Figure 103).136
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Figure 103: Synthesis of Indenols via Heck Carbopalladation Reactions

These early successes of palladium catalyzed indene syntheses were built upon at
the beginning of the twenty-first century through research efforts like those of Larock and
coworkers. In 2007, they reported an indene synthesis via annulation reactions of (2iodophenyl)malonate 305 and internal alkynes (Figure 104).137 They observed when
unsymmetrical alkynes were reacted under their optimized conditions, the annulation
process was highly regioselective if the alkyne contained a trimethylsilyl, tertiary alkyl or
a phenyl substituents. Larock reported the isolation of indenes 306a-c as single
regioisomers. They further investigated the utility of their methodology through reacting
(2-acetylenylphenyl)malonates 305a with aryl iodides under palladium catalytic conditions
to afford oligosubstituted indenes 306d.

Figure 104: Synthesis of Indenes via Carbopalladation Reactions
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In 2007, Lu and coworkers accessed the oligosubstituted indene scaffold through
performing palladium catalyzed alkyne annulations of phenylboronic acid pinacol esters
307 (Figure 105).138 Lu and coworkers discovered that chiral phosphine ligand (S)-308
was necessary to enantioselectively produce indenes 309 in up to 99% yield and 99% ee.

Figure 105: Asymmetric Synthesis of Indenes

Additionally, Lautens and coworkers reported that o-iodo-α-methyl styrenes 310
participated in Pd-catalyzed annulation reactions with internal alkynes (Figure 106).139 Due
to the lack of a β-hydrogen (intermediate A) the catalytic cycle is turned-over via a C–I
reductive elimination in the presence of a bulky phosphine ligand. When an unsymmetrical
alkyne with electronically disparate arenes substituents (p-NO2 and p-OMe, ∆σp = 1.05)
were utilized in this methodology, a 1.9:1 regioisomeric ratio regioisomers was isolated
with 311a being the major regioisomer. When a sterically disparate alkyne was reacted
under these conditions, a 4.8:1 ratio of regioisomers was isolated with 311b representing
the major regioisomer.

Figure 106: Synthesis of Indenes Using Bulky Phosphine Ligands
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4.1.2 Heck–Suzuki–Miyaura Cascade reactions in Total Synthesis
Heck cascade reactions are incredibly powerful synthetic tools, which can be used in
congruence with other transition metal catalyzed reactions, such as Suzuki-Miyuara crosscoupling reactions, to provide synthetic pathways to otherwise difficult to access organic
scaffolds. Cossy, Meyer, and coworkers demonstrated this in 2006 when they used a Heck–
Suzuki–Miyaura cascade to in the total synthesis of the natural product, lennoxamine
(Figure 107).140 In their approach, Cossy and Meyer had to synthesize synthetic
intermediate 312. They subjected 312 to palladium catalytic conditions in the presence of
boronic acid 313 to afford heterocycle 314. In three additional steps, lenoxamine was
produced in a 7% overall yield in eight total steps.

Figure 107: Tandem Heck-Suzuki-Miyura Cascade Reactions

Naguib and coworkers set out to identify and efficiently synthesize novel agonist of
CB2 cannabinoid receptors found primarily in the peripheral immune system and the
central nervous system. They identified (S)-(3-benzyl-3-methyl-2,3-dihydro-benzofuran6-yl)-piperidin-1-yl-methanone as a CB2 agonist in the treatment of neuropathic pain
(Figure 108).141 Naguib successfully utilized a Heck–Suzuki–Miyaura cascade reaction in
the

third

step

of

their

total

synthesis
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to

generate

(dihydrobenzofuranyl)-

piperidinylmethanone 317 in a 53% yield. They carried 317 forward in six additional
reactions to deliver a selective CB2 agonist in a 3.4% total yield and 97% ee.

Figure 108: Tandem Heck-Suzuki-Miyura Cascade Reactions Enroute to Selective CB2 Agonist

Pontikis and coworkers incorporated a tandem Heck–Suzuki–Miyaura reaction to
create analogues of naturally occurring stilbene Combretastatin A-4 which has been proven
effective in selectively causing vascular shutdown of tumor cells leading irreversible
ischemic necrosis of the tumor cell (Figure 109).142 This cascade relied on reacting N-acyl2-iodoaniline 318 and either phenylboronic acid 319 or vinylboronic acid 320. In one-step,
Pontikis was able to access eleven combrestatin A-4 analogues of type 321 and 322.

Figure 109: Palladium Catalyzed Tandem Heck-Suzuki-Miyuara Cascade Reactions
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4.1.3. Controlling Alkyne Migratory Insertion with Electronically Biased
Alkynes (Hypothesis)
The immense power of palladium catalyzed syntheses of indenes, via alkyne
annulations and Heck–Suzuki–Miyaura cascade reactions, to access important natural
products can be combined with the ability of ynol ether to regioselectively participate in
transition metal catalyzed migratory insertion processes. The application of ynol ethers in
Heck cascade reactions presents an opportunity to significantly expand the influence of
ynol ether as polarized alkyne reactants. Current methods to synthesize indenes via alkyne
annulations typically afford indenes where the more sterically demanding substituent is
bound at 2-position of the newly formed indene ring (Figure 110, a). While these steric
considerations can lead to very regioselective alkyne annulations, regioselectivity is not
always dictated well by these steric restrictions. Lautens and coworkers presented evidence
that suggested polarized alkynes are successful in influencing alkyne migratory insertions
during indene synthesis (Figure 110, b). Previously, we were successful in using polarized
alkynes, ynol ethers, to control regioselective alkyne annulations of isoquinolinones en
route to FG-4497 analogues. We also demonstrated that beyond regioselective control of
the annulation process, the oxygen ynol ethers is useful in imparting the important hydroxyl
substituent to the 4-position of the isoquinoline FG-4497 analogue (Figure 110, c).143
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Figure 110: Regioselectivity of Alkyne Annulations

We envisioned the use of ynol ethers in indene syntheses would lead to a highly
regioselective alkyne annulation, where the polarization of the ynol ether led to the
formation of indenol ether 326 (Figure 111, a). Similar to our isoquinolinone synthesis, we
expected that the partial charges of both the ynol ether and the Pd–C bond (intermediate
A) would dictate the direction of the migratory insertion and lead to the formation of
intermediate B before undergoing  -hydride elimination to afford indene 326. We also
hypothesized that if we could block the terminal  -hydride elimination step, as Lautens
and coworkers were able to do by placing an -substituent on the styrene, we would have
the opportunity to intercept the palladium intermediate and perform a Suzuki–Miyaura
cross coupling with arylboronic acids (Figure 111, b). This newly formed 3,3-disubstituted
indene would contain a chiral carbon at the 3-position of the ring, and we hypothesized the
use asymmetric phosphine catalyst, such as (S)-308 would allow us to regioselectively
synthesize indenes with an enantioselectively set chiral carbon (Figure 111, c). With this
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knowledge in hand, we set out to develop a regioselective synthesis of various indenes via
a palladium-catalyzed Heck cascade reaction, successfully intercept of palladium
intermediates, and begin optimization of an enantioselective, tandem Heck–Suzuki–
Miyaura reaction involving ynol ethers.

Figure 111: Summary of Hypotheses

4.2. Results and Discussion
4.2.1. Optimization of Reaction Conditions
Initial

optimization

efforts

utilized

o-iodosytyrene

326a

and

trimethyl(phenoxyethynyl)silane 330a to evaluate a variety of mono- and bidentate
phosphine ligands (Figure 112, entries 1-6). In general, a variety of phosphine ligands
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(monodentate, bidentate, tetrafluoroborate phosphine complexes, etc.) were tolerated well,
and generated 331aa in moderate to good yields. It was determined that triphenylphoshine
and tri-(2-furyl)phoshine were the most effective ligands. We focused on the use of
triphenyl phosphine as our ligand due to its commercial availability and affordability. Next,
we evaluated both inorganic and organic bases. Understanding that an accumulation of acid
would occur in situ upon β-hydride elimination and regeneration of the Pd(0) catalyst, we
speculated that the identity of base would be essential to obtaining an efficient, high
yielding reaction. It was found that Cs2CO3 was the optimal base, likely due to the
increased solubility of cesium salts in organic solvents over other inorganic salts (Figure
112, entry 6).

Figure 112: Initial Optimization Efforts

While maintaining a 2:1 ligand-to-palladium ratio, we found that the catalyst loading
could be reduced from 10 mol% to 5 mol% with limited detriment to reaction efficiency
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(Figure 113, entries 1-3). In evaluating phosphine ligands, we concluded that more
sterically demanding and bidentate phosphine ligands did not improve reaction efficiency
over the Ph3P (Figure 113, entries 4-7)). An increase in reaction temperature to 85 ˚C
resulted in a decrease in product yield (Figure 113, entry 7). Similarly, stirring the reaction
mixture for a longer period of time resulted in decreased product yield and this was
exacerbated if the reaction was allowed to continue stirring at 85 ˚C for 3 hours (Figure
113, entry 8). This suggest that at 85 C some degree of indenol ether degradation of 331aa
occurs.

Figure 113: Catalyst Loading and Phosphine Additive Experiments

A slight increase in yield was observed by stirring the reaction for 3 h at 70 ˚C;
however, isolated yields were inconsistent upon scale up to 0.25 mmol (Figure 114, entry
1). Due to the incomplete solubility of Cs2CO3 in dioxane, it was hypothesized that 1.1
equivalents of base was an insufficient amount to quench the acid generated over the course
of the reaction. Due to the acid labile nature of ynol ether, this accumulation of acid could
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facilitate ynol ether degradation. This hypothesis was supported by the observed improved
yields when increasing the amount of Cs2CO3 to 2.0 equivalents relative to the styrene
substrate (Figure 114, entry 2). To complete our reaction optimization were ran screening
reactions to investigate the effects of varying the amount of triphenylphosphine and
changing the solvent system on the formation of 331aa. We observed this reaction was
quite robust to the amount of triphenyl phosphine present with 5.0 mol%-20.0 mol% being
tolerated in great yields (Figure 114, entries 3-6). The use of 10 mol% triphenyl phosphine
was determined to be the ideal amount of ligand. Finally, our screening reactions probing
which other solvents were viable in this reactivity reinforced the notion that 1,4-dioxane
was the optimal solvent to perform this Heck cascade reaction. The optimized reaction
conditions of 1.0 equivalents of 326a, 2.0 equivalents of 330a, 5 mol% Pd(OAc)2, 10 mol%
Ph3P, 2.0 equivalents Cs2CO3 in 1,4 dioxane (0.2 M) stirred at 70 ˚C for 3 hours were used
to evaluate the scope of this reaction.
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Figure 114: Final Reaction Optimization

4.2.2. Synthesis of Indenol Ethers 331
4.2.2.1. Proposed Catalytic Cycle
In all of the above cases, products were only observed to arise from carbopalladation
forming the initial C–C bond on the carbon of the alkyne bearing the oxygen substituent.
The ability to synthesize these functionalized indenes regioselectively can be better
understood by evaluating a proposed catalytic cycle (Figure 115, a). Initial oxidative
addition to the Ar–I bond provides Pd–C adduct A, which can subsequently coordinate the
π-system of the ynol ether to give the precursor to migratory insertion B. Due to the
polarized nature of the alkyne and the polarized Pd–C bond, migratory insertion is ensue
regioselectively for C–C bond formation proximal to the oxygen. The resultant vinyl–Pd
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species C undergos a 5-exo-trig cyclization with the pendant alkene to provide D. βHydride elimination provides dienol ether indene product 331aa and ultimately regenerates
a Pd(0) species upon the reductive elimination of HI. When a β-substituted styrene is
present, a predicted isomerization is generally observed. Heck migratory insertion
generally occurs via a syn carbopalladation, which necessitates a bond rotation to achieve
palladium mediated syn β-hydride elimination. Consequently, β-substituted styrenes with
a trans relationship between the substituents resulted in a product containing a cis
relationship between these same substituents (Figure 116, b). Notably, the electron
withdrawing substrate 326b actually improves from a starting E/Z ratio of ~5.5:1 in the
styrene substrate to only a single observed isomer in the product 331ba. This could be due
to alkene isomerization under reaction conditions or the ability of the palladium-enolate
intermediate to isomerize from C–Pd to O–Pd with subsequent isomerization prior to βhydride elimination.
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Figure 115: Proposed Catalytic Cycle and Stereochemical Rearrangement

4.2.2.2. Reaction Scope of 2-iodostyrenes and Ynol Ethers
With optimized reaction condition in hand, the reaction scale was evaluated at 1.5
mmol of styrene, which provided a 97% isolated yield of 331aa. The effects of
electronically varied substituents off the ynol ether oxygen were evaluated. We were
pleased to find that both electron withdrawing and electron donating groups were well
tolerated (Figure 116, 331b-331ac). When the oxygen substituent was changed from
phenyl to methyl there was a decrease in yield (Figure 116, 331ad). Here a TBS group was
necessitated for the synthesis and isolation of the low molecular weight alkyne. The ethoxy
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analogue 331ae was isolated in 65% yield. To further evaluate the other alkyne substituent
330f was utilized, which surprisingly led to a significant drop in yield (Figure 116, 331af).
However, other alkyl substitutions including a primary propargylic acetate 330g and a
secondary OTBS 330h resulted in moderate to excellent yields (Figure 116, 331ag-ah).
Next, electron withdrawing moieties were placed at the β-position of the styrene to explore
the effect of polarizing the styrene bond. Both a 326b and 326c were tolerated, providing
moderate to good yields of 331ba and 311ca. Alkyl substitution in the form of o-iodo-βmethyl styrene provided 331da in 64% yield. For stilbene derivatives, the more electron
poor 326g (4-NO2) provided 331ga in higher yield compared to the relatively neutral
substrates 326e and 326f.
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Figure 116: Scope of 2-iodostyrenes and Ynol Ethers

4.2.2.3. Trapping Palladium Intermediates.
Based on the above proposed catalytic cycle for generating dienol ether substrates, we
became interested in blocking β-hydride elimination to achieve additional functionalization
in lieu of generating a diene. By replacing the α-hydrogen with a methyl group in the
styrene no β-hydride elimination is possible; providing a Pd(II)-alkyl intermediate that
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could then be intercepted and further functionalized (Figure 117). Using styrene 326h and
ynol ether 330a and the simple addition of 1.1 equivalents of isopropanol, generated 333
in 75% isolated yield. It should be noted that no additional changes were made to the
reaction conditions and that no other reductive products were observed. Next, we attempted
a 3-component coupling, aiming to incept the Pd(II) intermediate using 4formylphenylboronic acid 334. With an additional equivalent of base, but no other
optimization, 335 was isolated in a 40% yield. This final example represents a significant
buildup of molecular complexity from relatively simple and readily available substrates.
Only a small amount of product resulting from Suzuki-Miyaura cross coupling (i.e. 326h
coupling directly with 334) was observed. This suggests that the intermolecular
carbopalladation between 326h and 330a occurs quicker than subsequent intramolecular
carbopalladation reactions.
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Figure 117: Intercepting Palladium Intermediates

4.2.2.4 Regioselective, Enantioselective Heck/Suzuki-Miyuara Cascade Reactions
Heck–Suzuki–Miyaura cascade reactions have been crucial in accessing biologically
active natural products and their analogues, both rapidly and efficiently. In 1990, Negeshi
was the first to utilize a palladium catalyzed Heck-cascade to access the A-D ring system
of the steroid backbone (Figure 118, a).117 While their synthetic efforts were not towards
enantioselective Heck-cascade reactions, it is apparent that the ability to synthesize
biologically relevant steroids such as cholesterol, cholic (bile) acid, and cortisone, the
ability to “zip” these ring systems together would require an enantioselective Heck cascade
to be developed (Figure 118,b). Luckily, the groundwork for enantioselective Heck
cascades has been explored by researchers such as Shibasaki, Pfaltz, Kumada, and
Buchwald. The successful synthesis of indenes 335 via our methodology, presented the
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opportunity to use the power of enantioselective palladium cascade reactions, and tandem
Heck–Suzuki–Miyaura reactions together to develop a regioselective, enantioselective
indene synthesis via a three-component Heck–Suzuki–Miyaura reaction (Figure 118, c).

Figure 118: Importance of Enantioselective Heck Cascades

In 1989, Shibasaki and coworkers were the first to design an asymmetric C–C bond
forming reaction via a Heck-type reaction during the synthesis of cis-decalin derivatives.
Utilizing prochiral alkenyl iodides, they were able to demonstrate the use of (R)-BINAP in
this palladium catalyzed cyclization that led to the slightly selective synthesis of
diastereomer 337 in up to a 44% ee (Figure 119, a).144 Later they investigated the effects
that different silver salts had on this asymmetric Heck cascade, and they applied their
finding in the synthesis of other decalin derivatives. For instance, they found when reacting
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1,1-disubstituted alkenyl iodides, it was determined the best results were achieve when
using both Ag3PO4 and CaCO3 as additives and heating the reaction mixture for 100 hours.
This delivered decalin 339 in a 67% yield and 87%ee (Figure 119, b). They also expanded
the scope of alkenyl halides used in this synthesis by reaction various alkenyl triflates to
deliver decalin 341 enantioselectively (92%ee). Shibasaki further demonstrated that these
methods could be exercised in the syntheses of cyclic natural products such as (-)oppositol, (-)-prepinnaterpene, (+)-lentiginosine, and (-)-gephyrotoxin (Figure 119, c).

Figure 119: Accessing Natural Products Using Carbopalladation Cascades

By 1996, Pfaltz and coworkers had already been successful in designing chiral
phoshinooxazoline ligands to enantioselectively control metal catalyzed processes. Pfaltz
and coworkers implemented the use of their chiral ligands in the synthesis of 2,5dihydrofurans 344 (Figure 120).145 Early on in their efforts, they recognized
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phoshinooxazoline ligand 343 was going to be their ideal ligand. They next ran base
screening reactions of various inorganic and nitrogenous bases, and they found N,Ndiisopropylethylamine facilitated the formation of 2,5-dihydrofuran 344 in a 98% yield
and 99%ee.

Figure 120: Pfaltz Ligands in Asymmetric Catalysis

In 1986, Kumada and coworkers built upon their seminal work performing nickel
catalyzed cross coupling reactions between organohalides and Grignard reagents,146 and
they expanded the utility of Kumada cross coupling reactions through performing a
palladium catalyzed asymmetric cross coupling between secondary Grignard reagents 345
and vinylbromide 346 (Figure 121).147 Kumada and coworkers synthesized a palladiumphosphine catalyst by complexing asymmetric ferrocene ligand (S)--[(R)-2diphenylphosphinoferrocenyl]ethyldimethylamine(PPFA) with PdCl2, and the palladium
complex PdCl2[(S)-(R)-PPFA] to form their desired precatalyst. They utilized the catalyst
to perform enantioselective hydrosilylation of 346 and created (R)-347. They additionally
demonstrated PdCl2[(S)-(R)-PPFA] could enantioselectively deliver (R)-350 using the
same methodology.
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Figure 121: Phosphinoferracene Ligands in Asymmetric Catalysis

The Buchwald research group has also been very influential in the field of asymmetric
transition metal catalysis. Specifically, in asymmetric palladium catalysis Buchwald and
coworkers have shown the ability to design and sterically tune chiral binaphthylphosphine
ligands 353 to enantioselectively control both reaction A and B.148 The importance of being
able to tune and create multiple chiral ligands can be seen in Figure 122. Buchwald and
coworkers synthesized five different ligands of type 353. Evaluating each ligand, it was
observed that while a certain ligand may not perform as well in reaction A, via percent
conversion or observed enantiomeric excess, the ligand could be very useful in controlling
reaction B or vice versa (Figure 122, entries 3-4). Furthermore, they observed that some
of these chiral phosphine ligands could be facilitated in both reactions well (Figure 122,
entry 5).
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Figure 122: Buchwald Ligands in Asymmetric Catalysis

Given the vast amount of research and ligand design that has been completed by
chemists such as Shibaski, Pfaltz, Kumada, and Buchwald to develop asymmetric
palladium catalyzed reactions, we have an arsenal of possible synthetic ligands to control
the enantioselectivity of the Heck–Suzuki–Miyaura indene synthesis we have developed.
We hypothesized, due to the prior success of triphenyl phosphine as a ligand, was that
asymmetric phosphine ligands would provide the best results for this transformation. With
this knowledge in hand, we set out to optimize our reaction conditions and to begin
developing a three-component Heck–Suzuki–Miyaura enantioselective synthesis of
asymmetric indenes.
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4.2.2.4.1. Optimization of Asymmetric Heck–Suzuki–Miyaura Reaction Conditions
Early in our optimization efforts we were pleased to discover both (+)-SEGPhos and
(+)-BINAP could serve as effective chiral phosphine ligands in our intermolecular, tandem
Heck–Suzuki–Miyaura reaction to afford asymmetric indene 335. Upon analysis using a
HPLC chiral assay, both chiral phosphine ligands enantioselectively formed 335 (Figure
123, entries 1-3, 99% ee). We chose to continue optimization using (+)-BINAP as our
optimal chiral ligand. Although there is a slight reaction yield advantage to using (+)-SEGPhos over (+)-BINAP (40% vs 31% respectively), HPLC analysis of the indene
synthesized using (+)-SEGPhos exhibited an irregular peak shape in the chiral HPLC
absorbance trace. We have yet been able to confirm the cause of this irregular peak shape,
and it is worth further investigation in the future. Next, the scale of the reaction was reduced
to facilitate a more efficient optimization process. Unexpectedly, this caused the reaction
yield to plummet from 31% to 3% (Figure 123, entry 3). The predicted stereochemistry of
the final product can be rationalized by looking at the intermediate A (Figure 123, b). The
bottom naphthalene ring of (+)-BINAP provides steric interference when palladium
attempts to attack the rear face of the alkene. However, we believe palladium migratory
insertion occurring across the front face of the alkene will provide less negative steric
interaction between the naphthalene ring and the alkene. Upon -hydride elimination we
expect the formation of (S)-335 to occur.
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Figure 123: Initial Results with Chiral Phosphine Ligands

We briefly attempted to change the amount of boronic acid 334 used in the reaction,
because it was observed to be the least soluble substrate in the reaction mixture (Figure
124, entries 1-3). Unfortuanately, this reduced amount of boronic acid present only slightly
increased the yield to 8%. Unlike the larger 0.25 mmol scale reaction, there was a
significant amount of solute that did not dissolve, and the efficacy of stirring was greatly
reduced due to the reduced volume of solvent. To achieve better stirring of the reaction
mixture and increase the solubility of the solutes, we first attempted the reaction at elevated
temperatures (Figure 124, entries 4-5) and we saw a slight increase in reaction yield.
Although the yields were slightly better, the consumption of the starting substrates was
also greater at higher temperatures. We observed a significant leap in product yield through
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better dissolving each salt by doubling the amount of solvent used from 0.5 mL 1,4-dioxane
(0.2 M) to 1.0 mL 1,4-dioxane (0.1 M) (Figure 124, entry 6, 70%).

Figure 124: Boronic Acid and Concentration Optimization

Once we understood that achieving full solubility of the solid, reaction additives was
crucial in optimizing this reaction. Next, we investigated the effects different solvent
systems would have on the observed indene yields. We found other ether solvents such as
THF afforded poor product yields, 19% (Figure 125, entry 2). Toluene is moderately
tolerated as a solvent, providing a 35% yield (Figure 125, entry 3). Next, to better dissolve
less organic soluble salts, we attempted to use a 9:1 mixture of 1,4-dioxane and water as
the solvent system, resulting in a 25% reduction in yield (Figure 125, entry 4). Having
made significant optimization progress since we previously attempted to vary the amount
of boronic acid 334, we revisited the effects 1.5 equivalents and 2.0 equivalents of 334 had
on the observed yields. We observed a significant reduction in product yields (Figure 125,
entries 5-6). Of note, these reactions became quite thick with insoluble boronic acid, and
this insolubility could have had negative impacts on the overall reaction efficiency.
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Figure 125: Solvent Optimization

Our last optimization attempts centered around establishing the most effective base for
our intermolecular Heck–Suzuki–Miyaura indene synthesis. We surveyed a diverse array
of bases. Many of these bases were not effective in facilitating the reaction (Figure 126).
Ammonium salts, which have been very effective in our isoquinolinone synthesis described
in chapter 3, were particularly ineffective bases (Figure 126, entries 1-3). Inorganic acetate
bases also performed poorly in this reactivity (Figure 126, entries 4-6). Interestingly,
potassium acetate afforded an 8% yield, while the more organic soluble salt sodium acetate
afforded a 0% yield. An acetate with a larger counter ion, such as cesium acetate, does
perform better than both sodium acetate and potassium acetate. An increase in reaction
yields are likely due to the greater degree of ion pair dissociation between the acetate anion
and the larger cesium cation. This is also observed by increase the steric bulkiness of the
carboxylate group from acetate to pivalate (Figure 126, entry 7). To date, we have
determined carbonate base best facilitate the formation of 335, with cesium carbonate being
the most optimal base.
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Figure 126: Base Optimization

Moving forward, further optimization efforts are required to completely optimize this
intermolecular, enantioselective Heck–Suzuki–Miyaura indene synthesis. The absolute
stereochemistry of indene 335 has yet to be determined and further experiments are needed
to make this determination. However, we predict that (S)-335 will be the major enantiomer
when using (+)-BINAP as chiral phosphine ligand (Figure 123, b). General observations
suggest that final optimization obstacles in this reaction optimization are concentration
dependence, solute solubility, and base evaluations. Final optimization efforts should
investigate these reaction parameters more extensively and, if reaction optimization
progress stalls, the use of boronic esters as coupling partners should be considered.
4.3. Conclusions
The indene scaffold is an important synthetic scaffold, and the development of methods
to access diversely substituted and structurally complex oligoindenes is necessary to drive
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the field forward. One method to rapidly access and build complexity in organic substrates
is to combine two or more organometallic processes together. These tandem reactions, such
as the Heck–Suzuki–Miyaura cascade reactions have been instrumental in providing
efficient access otherwise elusive natural products. We aimed to utilize ynol ethers to
regioselectively synthesize indene via an intermolecular Heck cascade reaction
Our previous successful efforts to regioselectively control transition metal migratory
insertion across alkynes through the use of polarized alkynes, ynol ethers, also proved
effective in the controlling the regioselectivity of the palladium catalyzed synthesis of
indenol ether substrates. Through installing an -methyl substituent on 2-iodostyrene, we
successfully trapped the in-situ generated palladium intermediate in a tandem Heck–
Suzuki–Miyaura cascade. Recognizing the opportunity to expand our methodology to
asymmetric catalysis, our current efforts have led to the development a preliminary chiral
HPLC assay, and reaction yields of indene 335 up to 70% and 99%ee.
Though further effort is essential to fully optimize this methodology and chiral HPLC
assay, our current successes to date leave us very optimistic for the new areas of research,
which this work opens. The ability to trap the palladium intermediate in indene synthesis
opens the pathway to use this reactive palladium intermediate in other metal catalyzed
processes. Tandem Heck/C–H activation reactions are a well-known set of transformations
which have been crucial in accessing many natural products, and natural product scaffolds.
We hypothesize our current methodology can be expanded through the design of ynol
ethers like substrate 357. When 357 reacts with ()-methyl-2-iodostyrene 326h the trapped
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palladium intermediate should undergo palladium C–H activation and form tetracyclic
compound 358 (Figure 127).

Figure 127: Potential Regioselective Heck/C-H Activation Reaction

Trapping the palladium intermediate in a C–H activation cascade is just one method
which can be used to expand the power of the current work we have established.148 We can
now begin to investigate the possibility of blocking other types of terminal steps in catalytic
processes involving ynol ether and intercept them via other means such as carbonylation.
Carbonylative palladium catalytic processes have been responsible for providing synthetic
routes towards difficult to access natural products,149 however these carbonylative
transition metal processes are compatible with other metals such as rhodium and
ruthenium.150
The groundwork has been laid to significantly expand the use of ynol ethers in other
transition metal catalyzed annulation processes to regioselectively provide complex,
diverse, cyclic compounds. These possible research directions only highlight the surface
of the power ynol ethers could have in controlling regioselective transition metal migratory
insertion across in the internal alkynes in years to come.
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4.4. Experimental Procedures and Spectra
4.4.1 Synthesis of Styrene Substrates
Styrenes 326a,1 and 326h,2 and 326g3 were prepared according to the literature
procedures. General method A: Synthesis of 2‐iodostyrenes 326b and 326e‐g:
1,4‐dioxane and potassium tert‐butoxide were added to a round‐bottom flask. The
suspension was cooled to 0 °C and the appropriate triphenylphosphonium salt was added
and stirred for 10 minutes. Next, the appropriate 2‐iodobenzaldehyde was added and stirred
at 0 °C for 5‐30 minutes. Once complete, the reaction mixture was filtered through celite
using hexanes and the filtrate was concentrated onto silica. Iodostyrenes were purified via
automated flash column chromatograph (Hexanes/Ethyl Acetate). No additive was needed
to prevent styrene polymerization unless otherwise noted.

(E/Z)‐methyl 3‐(2‐iodophenyl)acrylate (326b, E/Z = 5.5 : 1.0) Prepared by general
method A. 326b (0.454 g, 53%) was isolated.
NMR data for major (E) isomer:
1H

NMR (500 MHz, CDCl3): δ 7.94–7.87 (m, 2H), 7.56 (dd, J = 7.8, 1.7 Hz, 1H), 7.39–

7.33 (m, 1H), 7.06 (td, J = 7.6, 1.7 Hz, 1H), 6.33 (d, J = 15.8 Hz, 1H), 3.84 (s, 3H).
13C

NMR (126 MHz, CDCl3): δ 166.7, 147.9, 140.0, 137.8, 131.3, 128.6, 127.4, 120.8,

101.2, 51.9.
HR‐MS (ESI+): 288.9725 (calculated for M+H) 288.9726 (observed)
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(E/Z)‐4‐(2‐iodophenyl)but‐3‐en‐2‐one (326c, E/Z = 5.5 : 1.0): 2‐iodobenzaldehyde
(0.510 g, 2.2 mmol, 1.0 equiv.) and 1‐(triphenylphosphoranylidene)propan‐2‐one (0.891 g
,2.8 mmol, 1.27 equiv.) were added to a 50 mL round‐bottom flask containing 12 mL of
toluene. The reaction mixture was stirred for 3 hours at 90 °C. After cooling the reaction
flask to room temperature, the toluene was evaporated under reduced pressure, diluted with
50 mL, and the solid triphenylphosphine oxide was removed via celite filtration. The crude
product was purified by flash chromatography (5% Ethyl Acetate in hexanes). (0.558 g,
76%)
1H

NMR (500 MHz, CDCl3): δ 7.95–7.87 (m, 2H), 7.56 (dd, J = 7.8, 1.7 Hz, 1H), 7.39–

7.34 (m, 1H), 7.06 (td, J = 7.6, 1.7 Hz, 1H), 6.33 (d, J = 15.8 Hz, 1H), 3.84 (s, 3H).
13C

NMR (126 MHz, CDCl3): δ 166.7, 147.9, 140.0, 137.8, 131.3, 128.6, 127.4, 120.8,

101.2, 51.9.
HR-MS (ESI+): 335.1467 (calculated for M+H) 335.1440 (observed)

(E)-1-iodo-2-(prop-1-en-1-yl)benzene (326d) 2-iodobenzaldehyde (1.00g, 4.3 mmol,
1.0 equiv.), 3-pentanone (0.414 g, 0.5 mL, 4.8 mmol, 1.12 equiv.), and hexanes (10 mL,
2.3M) were added to a 50 mL rounded-bottom flask. BF3▪OEt3 (0.610 g, 0.53 mL, 4.3
mmol, 1.0 equiv.) was added dropwise at room temperature, and then the reaction mixture
was heated to reflux. The reaction mixture was diluted in hexanes (50 mL) and transferred
to a separatory funnel, washed twice with DI H 2O (2 x 50 mL) and once with brine. The
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organics were dried over anhydrous Na2SO4, filtered, concentrated onto silica and purified
by flash chromatography (Hexanes) to provide 326d (0.456 g, 45%).
1H

NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.9, 1.3 Hz, 1H), 7.46 (dd, J = 7.8, 1.7 Hz,

1H), 7.34 – 7.23 (m, 1H), 6.92 (td, J = 7.6, 1.7 Hz, 1H), 6.61 (dd, J = 15.5, 1.8 Hz, 1H),
6.15 (dq, J = 15.5, 6.6 Hz, 1H), 1.96 (dd, J = 6.7, 1.8 Hz, 3H).
13C

NMR (126 MHz, CDCl3): δ 141.0, 139.4, 134.8, 129.1, 128.4, 128.3, 126.4, 99.3,

18.6.
HR-MS (ESI+): 244.9827 (calculated for M+H) 244.9811 (observed)

(Z)-1-iodo-2-(4-methylstyryl)benzene (1e): 326e was prepared by the general method
above with 178 mg (51%) of 326e was isolated.
1H

NMR (500 MHz, CDCl3): δ 7.96–7.88 (m, 1H), 7.65 (dd, J = 7.8, 1.7 Hz, 1H), 7.56–

7.47 (m, 2H), 7.38 (td, J = 7.6, 1.3 Hz, 1H), 7.35 – 7.28 (m, 1H), 7.23 (d, J = 7.8 Hz, 2H),
7.02 – 6.93 (m, 2H), 2.42 (s, 3H).
13C

NMR (126 MHz, CDCl3): δ 140.5, 139.6, 138.1, 134.2, 131.6, 131.5, 129.5, 128.8,

128.4, 126.8, 126.22, 100.5, 21.4.
HR-MS (ESI-): 446.0702 (calculated for M-) 446.0684 (observed)
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(Z)-1-(4-bromostyryl)-2-iodobenzene (326f) Prepared by the general method A. 210
mg (55%) of 326f isolated.
1H

NMR (500 MHz, CDCl3): δ 7.92 (dd, J = 8.0, 1.2 Hz, 1H), 7.36–7.29 (m, 2H), 7.22–

7.10 (m, 2H), 7.04 – 6.91 (m, 3H), 6.58 (d, J = 1.6 Hz, 2H).
13C

NMR (126 MHz, CDCl3): δ 141.3, 139.2, 135.1, 134.4, 131.4, 130.6, 130.1, 129.8,

129.0, 128.1, 121.2, 99.6.
HR-MS: This compound ionized poorly, and the corresponding m/z could not be found
via HR-MS.
LR-MS (ESI-): 385.8990 (calculated for M-) 385.90 (observed)

(Z)-1-iodo-2-(4-nitrostyryl)benzene (326g) Prepared by the general method A. 178
mg (51%) of 326g was isolated.
1H

NMR (500 MHz, CDCl3): δ 8.11–8.02 (m, 2H), 7.94 (dd, J = 8.0, 1.2 Hz, 1H), 7.32–

7.24 (m, 2H), 7.20 (td, J = 7.5, 1.2 Hz, 1H), 7.07 (dd, J = 7.7, 1.7 Hz, 1H), 7.01 (td, J = 7.7,
1.7 Hz, 1H), 6.77 (d, J = 12.0 Hz, 1H), 6.71 (d, J = 12.0 Hz, 1H).
13C

NMR (126 MHz, CDCl3): δ 146.5, 143.1, 140.7, 139.4, 137.4, 130.0, 129.7, 129.5,

128.9, 128.3, 123.6, 99.3.
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HR-MS (ESI+): 414.1525 (calculated for M+H) 414.1510(observed)
4.5.2 Synthesis of Ynol Ether Substrates.
330a was made according to literature procedure.4
General Method B: the synthesis of aryl ynol ethers 330b-c, 330f-h.
A round-bottom flask was purged of ambient air and backfilled with N 2 gas (2x). The
appropriate aryldichlorovinyl ether (1.0 equiv.) and THF (0.33 M) were added to a roundbottom flask, and the flask was cooled to -78 °C using a dry ice/acetone bath. Once cool,
2.5 M n-butyllithium (2.2 equiv.) was added dropwise and allowed to stir for 30 minutes.
Next, the appropriate electrophile (1.25 equiv.) was added at -78 °C and allowed to warm
to room temperature over 1 hour. The reaction was quenched with DI water, diluted with
50 mL of diethyl ether, and transferred to a separatory funnel. The mixture was washed
water (2 x 50 mL), brine (1 x 50 mL). The organic layer was dried over anhydrous Na2SO4,
and filtered. The mixture was then concentrated and reconstituted in hexane. Finally, the
organic mixture was concentrated onto silica and purified via flash column
chromatography (Hexanes/Ethyl Acetate).

Trimethyl((4-(trifluoromethyl)phenoxy)ethynyl)silane (330b) Prepared by general
method B. 0.454 g (53%) of 330b was isolated.
1H

NMR (500 MHz, CDCl3): δ 7.70 – 7.58 (m, 2H), 7.44 – 7.34 (m, 2H), 0.26 (s, 9H).

13C

NMR (126 MHz, CDCl3): δ 157.8, 127.2, 124.9, 116.7, 115.4, 46.1, 0.34.

HR-MS (ESI): 259.0766 (calculated for M+H) 259.1176 (observed)
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((4-methoxyphenoxy)ethynyl)trimethylsilane (330c) Prepared by general method B.
0.351 g (23%) of 330c was isolated.
1H

NMR (500 MHz, CDCl3): δ 7.23 – 7.18 (m, 2H), 6.93 – 6.87 (m, 2H), 3.81 (s, 3H),

0.25 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 156.4, 149.5, 115.8, 114.6, 103.4, 55.7, 43.4, 0.5.

HR-MS (ESI+): 221.0998 (calculated for M+H) 221.0993 (observed)

tert-butyl(methoxyethynyl)dimethylsilane

(330d)

N,N-diisopropylamide

(19.5

mmol, 2.7 mL, 3.0 equiv.) and THF (60 mL) were added to a 250 mL round-bottom flask
and placed under an N2 atmosphere. The reaction mixture was cooled to 0 °C and nbutyllithium (2.5 M in hexanes, 8.5 mL, 19.5 mmol, 3.0 equiv.) was added dropwise, and
allowed to stir at 0 °C for 10 minutes. Next chloroacetaldehyde dimethyl acetal (0.97 mL,
6.5 mmol, 1.0 equiv) was added, and the mixture was allowed to stir for 30 minutes at 0
°C for 30 minutes. Then, tertbutyldimethylsilyl chloride (1.960 g, 13.0 mmol, 2.0 equiv.)
was added, the reaction mixture was warmed to room temperature, and allowed to stir for
1 hour. The reaction was quenched with saturated NH 4Cl and transferred to a separatory
funnel. The aqueous layer was removed and the organic layer was washed with DI water
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(2 x 50 mL), brine (1 x 50 mL). The organic layer dried over anhydrous Na2SO4, filtered,
concentrated under reduced pressure, and purified via automated flash chromatography
(Hexanes) to provide 330d (0.245 g, 22%).
1H

NMR (500 MHz, CDCl3): δ 3.92 (s, 3H), 0.94 (s, 9H), 0.09 (s, 6H)

13C

NMR (126 MHz, CDCl3): δ 111.25, 65.84, 33.66, 26.10, 16.62, -4.01.

HRMS: Mass spectra were not acquired due to poor ionization. This ionization issue is
in agreeance with other low molecular weight ynol ethers9 (Zhang, W.; Ready, J. M. J. Am.
Chem. Soc., 2016, 138, 10684-1069). However, the 1H-NMR and 13C-NMR spectra as well
as the products obtained from the annulation of these compounds gives strong evidence for
their synthesis.

tert-butyl(ethoxyethynyl)dimethylsilane (330e) N,N-diisopropylamide (19.5 mmol,
2.7 mL, 3.0 equiv.) and THF (60 mL) were added to a 250 mL round-bottom flask and
placed under an N2 atmosphere. The reaction mixture was cooled to 0 °C and nbutyllithium (2.5 M in hexanes, 8.5 mL, 19.5 mmol, 3.0 equiv.) was added dropwise, and
allowed to stir at 0 °C for 10 minutes. Next chloroacetaldehyde diethyl acetal (0.97 mL,
6.5 mmol, 1.0 equiv) was added, and the mixture was allowed to stir for 30 minutes at 0
°C for 30 minutes. Then, tertbutyldimethylsilyl chloride (1.960 g, 13.0 mmol, 2.0 equiv.)
was added, the reaction mixture was warmed to room temperature, and allowed to stir for
1 hour. The reaction was quenched with saturated NH 4Cl and transferred to a separatory
funnel. The aqueous layer was removed and the organic layer was washed with DI water
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(2 x 50 mL), brine (1 x 50 mL). The organic layer dried over anhydrous Na2SO4, filtered,
concentrated under reduced pressure, and purified via automated flash chromatography
(Hexanes) to provide 330e (0.180 g, 19%).
1H

NMR (500 MHz, CDCl3): δ 4.15 (q, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H), 0.94

(s, 9H), 0.09 (s, 6H).
13C

NMR (126 MHz, CDCl3): δ 109.8, 74.8, 34.9, 26.1, 16.7, 14.3, -4.0.

HRMS: Mass spectra were not acquired due to poor ionization. This ionization issue is
in agreeance with other low molecular weight ynol ethers9 (Zhang, W.; Ready, J. M. J. Am.
Chem. Soc., 2016, 138, 10684-1069). However, the 1H-NMR and 13C-NMR spectra as well
as the products obtained from the annulation of these compounds gives strong evidence for
their synthesis.

(prop-1-yn-1-yloxy)benzene (330f) Prepared by general method B. 0.576 g (78%) of
330f was isolated.
1H

NMR (500 MHz, CDCl3) δ 7.42 – 7.35 (m, 2H), 7.17 (m, 1H), 7.09 – 7.05 (m, 2H),

2.31 (s, 3H).
13C

NMR (126 MHz, CDCl3) δ 154.4, 134.8, 129.7, 124.0, 116.6, 116.4, 21.6.

HRMS: Mass spectra were not acquired due to poor ionization. This ionization issue is
in agreeance with other low molecular weight ynol ethers9 (Zhang, W.; Ready, J. M. J. Am.
Chem. Soc., 2016, 138, 10684-1069). However, the 1H-NMR and 13C-NMR spectra as well
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as the products obtained from the annulation of these compounds gives strong evidence for
their synthesis

3-phenoxyprop-2-yn-1-yl acetate (330g) Prepared by a modified procedure of general
method B. 0.447 g (23%) of 330g was isolated.
(1) (1,2-dichlorovinyl)oxy)benzene (1.790 g, 10 mmol, 1.0 equiv.) and 30 mL THF
were added to a dried, purged (N2) round-bottom flask. The mixture was cooled to
-78 °C in a dry ice acetone bath and n-butyllithium (2.5 M in Hexanes, 8.8 mL, 22
mmol, 2.2 equiv.) was added dropwise over 5 minutes and stirred for 30 minutes at
that temperature. Next, paraformaldehyde (0.600 g, 20 mmol, 2.0 equiv.) was added
and the reaction mixture was allowed to warm to room temperature over 1 hour.
The reaction mixture was quenched with 30 mL of saturated and aqueous NH 4Cl
and transferred to a separatory funnel. The aqueous layer was removed and the top
organic layer was washed with DI water (1 x 50 mL) and brine (1 x 50 mL). The
dried organic layer was dried with anhydrous Na2SO4, filtered, and concentrated
under reduce pressure.
(2) The concentrated crude material was diluted in 10 mL of dichloromethane. Next,
triethylamine (1.210 g, 1.7 mL, 12.0 mmol, 1.2 equiv.), a catalytic amount of N,Ndimethylaminopyridine (2.2 mg), and acetic anhydride (2.040 g, 20 mmol, 2.0
equiv.) were added to the reaction mixture and allowed to stir for 2 hours at room
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temperature. The crude reaction mixture was diluted with dichloromethane, washed
once with DI water, once with brine, and dried over anhydrous Na2SO4. The organic
material was concentrated under reduced pressure and purified by flash
chromatography (25% Ethyl Acetate/Hexanes) to provide 2f (0.447g, 23%) over
two steps.
1H

NMR (500 MHz, CDCl3) δ 7.43 – 7.35 (m, 2H), 7.29 (m, 2H), 7.21 – 7.13 (m, 1H),

4.85 (s, 2H), 2.13 (s, 3H).
13C

NMR (126 MHz, CDCl3) δ 170.5, 155.7, 129.7, 124.7, 115.0, 88.7, 52.3, 39.8, 20.9.

HR-MS (ESI+): 191.0708 (calculated for M+H) 191.0697 (observed)

tert-butyldimethyl((3-phenoxy-1-(p-tolyl)prop-2-yn-1-yl)oxy)silane

(330h)

Prepared by a modified procedure of general method B. 0.810 g (34%) of 330h was
isolated.
(1) ((1,2-dichlorovinyl)oxy)benzene (1.790 g, 10 mmol, 1.0 equiv.) and 30 mL THF
were added to a dried, purged (N2) round-bottom flask. The mixture was cooled to
-78 °C and n-butyllithium (2.5 M in Hexanes, 8.8 mL, 22 mmol, 2.2 equiv.) was
added dropwise over 5 minutes and was allowed to stir for 30 minutes at that
temperature. Next, tolualdehyde (1.5 mL , 12.5 mmol, 1.25 equiv.) was added and
the reaction mixture was allowed to warm to room temperature over 1 hour. The
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reaction mixture was quenched with 30 mL of saturated and aqueous NH4Cl and
transferred to a separatory funnel. The aqueous layer was removed and the top
organic layer was washed with DI water (1 x 50 mL) and brine (1 x 50 mL). The
dried organic layer was dried with anhydrous Na2SO4, filtered, and concentrated
under reduce pressure. Due to difficulties separating the product from a minor
impurity via flash chromatography the 3-phenoxy-1-(p-tolyl)prop-2-yn-1-ol was
protected as the tert-butyldimethylsilyl ether.
Synthesis of tert-butyldimethyl((3-phenoxy-1-(p-tolyl)prop-2-yn-1-yl)oxy)silane
(2) The crude 3-phenoxy-1-(p-tolyl)prop-2-yn-1-ol isolated from step 1 was from the
was diluted in dichloromethane (30 mL). Next, imidazole (1.36 g, 20 mmol, 2.0
equiv.) and tert-butyldimethylsilyl chloride (2.26 g, 15 mmol, 1.5 equiv.) were
added and the reaction mixture stirred at room temperature for 3 hours. The reaction
mixture was quenched with 30 mL of saturated and aqueous NH4Cl and transferred
to a separatory funnel. The aqueous layer was = removed and the top organic layer
was washed with DI water (1 x 50 mL) and brine (1 x 50 mL). The dried organic
layer was dried with anhydrous Na2SO4, filtered, and concentrated under reduce
pressure. (5% Ethyl Acetate/Hexanes) (0.810 g, 2-step yield 34%).
1H

NMR (500 MHz, CDCl3): δ 7.46 – 7.40 (m, 2H), 7.40 – 7.33 (m, 2H), 7.29 – 7.20

(m, 3H), 7.17 (m, 1H), 7.07 – 6.91 (m, 2H), 6.08 (d, J = 3.8 Hz, 1H), 2.40 (d, J = 2.6 Hz,
3H), 1.01 (d, J = 3.9 Hz, 9H), 0.20 (dd, J = 30.5, 3.8 Hz, 6H).
13C

NMR (126 MHz, CDCl3): δ 154.1, 137.9, 137.5, 134.8, 129.7, 128.9, 1255, 124.9,

124.3, 116.8, 71.6, 25.8, 21.2, 18.2, -4.9.
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HR-MS (ESI+): 353.1937 (calculated for M+H) 353.1933 (observed)

4.5.3 Synthesis of Indenes 331.

General Procedure C: Synthesis of Indenes. Pd(OAc)2 (5 mol%), PPh3 (10 mol%),
and Cs2CO3 (2.0 equiv.) were added to a 10 mL round bottom flask. Next, a solution
containing styrene 1 (0.25 mmol) and ynol ether 2 (0.50 mmol) in 1,4-dioxane (0.2 M) was
added to the rounded bottom flask, and the flask was placed under a nitrogen atmosphere.
The reaction flack was then heated to 70 °C for 3 hours. After the reaction was complete,
the crude reaction mixture was filtered through celite, and concentrated directly onto silica.
Flash chromatography was performed (5% Ethyl Acetate/Hexanes) to obtain the purified
compound 331.

1-methylene-2-trimethylsilyl-3-phenoxyindene (331aa) 331aa was prepared by
general method C on a 1.5 mmol scale (0.424 g, 97%). When run on a 0.25 mmol scale the
reaction yielded (68.1 mg and 65.8 mg, 92%)
1H

NMR (500 MHz, CDCl3): δ 7.69 (d, J = 7.5 Hz, 1H), 7.33 (dd, J = 8.7, 7.5 Hz, 2H),

7.25 (m, 1H), 7.18 – 7.00 (m, 4H), 6.79 (d, J = 7.5 Hz, 1H), 6.18 (s, 1H), 5.87 (s, 1H), 0.35
(s, 9H).
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13C

NMR (126 MHz, CDCl3): δ 164.8, 157.0, 147.3, 139.0, 136.7, 129.6, 127.5, 126.2,

122.6, 122.4, 119.3, 119.2, 116.5, 113.2, 0.4.
HR-MS (ESI+): 293.1362 (calculated for M+H) 293.1355 (observed)

trimethyl(1-methylene-3-(4-(trifluoromethyl)phenoxy)-1H-inden-2-yl)silane
(331ab) 331ab was prepared by general method C (74.7 mg and 76.1 mg, 84%).
1H

NMR (500 MHz, CDCl3): δ 7.70 (d, J = 7.6Hz, 1H), 7.59 (d, J = 8.8 Hz, 2H), 7.28

(dd, J = 7.5 Hz, 1.1 Hz, 1H), 7.18 (dd, J = 7.5, 1.0 Hz, 1H), 7.10 (d, J = 8.6 Hz, 2H), 6.80
(d, J = 7.5 Hz, 1H), 6.23 (s, 1H), 5.91 (s, 1H), 0.33 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 163.7, 159.6, 147.0, 138.7, 136.1, 127.7, 127.1 (q, J =

3.7 Hz), 126.6, 123.8, 119.5, 118.7, 116.2, 114.4, 0.4.
HR-MS (ESI+): 361.1236 (calculated for M+H) 361.1223 (discovered)

1-methylene-2-trimethylsilyl-3-(4-methoxyphenoxy)indene (331ac) 331ac was
prepared by general method C (68.2 mg and 75.0 mg, 89%).
1H

NMR (500 MHz, CDCl3): δ 7.65 (d, J = 7.5 Hz, 1H), 7.22 (m, 1H), 7.11 (m, 1H),

6.97 (d, J = 9.1 Hz, 2H), 6.85 (d, J = 9.1 Hz, 1H), 6.72 (d, J = 7.6 Hz, 1H), 6.13 (s, 1H),
5.83 (s, 1H), 3.81 (s, 3H), 0.34 (s, 9H).
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13C

NMR (126 MHz, CDCl3): δ 165.3, 155.1, 150.8, 147.3, 139.1, 1367, 127.4, 126.1,

121.7, 119.3, 119.18, 117.5, 114.6, 112.8, 55.6, 0.4.
HR-MS (ESI-): 307.1518 (calculated for M-) 321.1326 (observed)

1-methylene-2-tert-butyldimethylsilyl-3-phenoxyindene

(331ad)

331ad

was

prepared by general method C (45.0 mg and 39.9 mg, 64%).
NMR (500 MHz, CDCl3) δ 7.71 – 7.62 (m, 1H), 7.50 – 7.40 (m, 1H), 7.34 – 7.21

1H

(m, 2H), 6.05 (s, 1H), 5.71 (s, 1H), 4.04 (s, 3H), 0.95 (s, 9H), 0.34 (s, 6H).
13C

NMR (126 MHz, CDCl3) δ 171.7, 148.0, 139.8, 136.9, 127.4, 126.1, 119.2, 118.8,

116.18, 112.66, 59.22, 26.90, 17.77, -3.51.
HR-MS (ESI-): 273.1675 (calculated for M-) 273.0962 (observed)

tert-butyl(3-ethoxy-1-methylene-1H-inden-2-yl)dimethylsilane (331ae) 331ae was
prepared by general method C (57.5 mg, 80%).
1H

NMR (500 MHz, CDCl3): δ 7.67 – 7.61 (m, 1H), 7.43 – 7.38 (m, 1H), 7.34 – 7.20

(m, 2H), 6.03 (s, 1H), 5.70 (s, 1H), 4.35 (q, J = 7.0 Hz, 2H), 1.48 (t, J = 7.0 Hz, 3H), 0.96
(s, 9H), 0.35 (s, 6H).
13C

NMR (126 MHz, CDCl3): δ 170.9, 148.1, 139.9, 137.2, 127.3, 126.0, 119.1, 119.0,

115.5, 112.2, 67.2, 27.0, 17.9, -3.3.
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HR-MS (ESI+): 287.1831 (calculated for M+H) 287.1831 (discovered)

2-methyl-1-methylene-3-phenoxy-1H-indene (331af) 331af was prepared by general
method C (10.0 mg and 10.2 mg, 17%).
1H

NMR (500 MHz, CDCl3) δ 7.71 – 7.52 (m, 1H), 7.32 (dd, J = 8.7, 7.4 Hz, 2H), 7.16

(m, 2H), 7.10 – 7.02 (m, 3H), 6.86 – 6.80 (m, 1H), 6.04 (s, 1H), 5.70 (s, 1H), 2.03 (s, 3H).
13C

NMR (126 MHz, CDCl3) δ 156.9, 152.6, 145.3, 137.0, 1350, 129.6, 127.7 125.3,

122.4, 121.0, 119.20, 118.0, 116.4, 109.7, 8.0.
HR-MS (ESI+): 235.1123 (calculated for M+H) 235.1116 (discovered)

(1-methylene-3-phenoxy-1H-inden-2-yl)methyl

acetate

(331ag)

331ag

was

prepared by general method C (43.8 mg and 35.2 mg, 54%). (Note: This compound
degrades slowly and should be stored in the freezer.)
1H

NMR (500 MHz, CDCl3) δ 7.67 (d, J = 7.5 Hz, 1H), 7.34 (dd, J = 8.7, 7.4 Hz, 2H),

7.30 – 7.25 (m, 2H), 7.20 – 7.03 (m, 4H), 6.86 (m, 1H), 6.13 (s, 1H), 5.83 (s, 1H), 5.07 (s,
2H), 2.05 (s, 3H).
13C

NMR (126 MHz, CDCl3) δ 170.9, 156.6, 156.5, 142.9, 135.5, 135.4, 129.6, 1278,

126.8, 123.4, 119.68, 119.7, 117.7, 117.2, 111.1, 55.4, 21.0.
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HR-MS: As noted above, this compound slowly degrades overtime, and needs to be
resynthesized in order to obtain HR-MS analysis.

tert-butyldimethyl((1-methylene-3-phenoxy-1H-inden-2-yl)(ptolyl)methoxy)silane (331ah) 331ah was prepared by general method C (105.6mg and
107.6 mg, 94%).
1H

NMR (500 MHz, CDCl3): δ 7.56 (d, J = 7.4 Hz, 1H), 7.42 – 7.32 (m, 4H), 7.22 –

7.04 (m, 7H), 6.73 (d, J = 7.5 Hz, 1H), 6.17 (s, 1H), 6.05 (s, 2H), 2.34 (s, 3H), 0.97 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 156.7, 152.2, 141.5, 140.9, 136.1, 136.0, 135.1, 129.7,

128.8, 127.3, 127.1, 126.1, 125.5, 123.0, 119.5, 119.4, 117.1, 114.8, 67.9, 26.0, 21.2, 18.4,
-5.0
HR-MS (ESI+): 461.2489 (calculated for M-Li+) 461.2489 (observed)

(E)-methyl 2-(3-phenoxy-2-(trimethylsilyl)-1H-inden-1-ylidene)acetate (331ba)
331ba was prepared by general method C (75.0 mg and 70.3 mg, 83%). Note: the starting
2-iodostyrene had a stereoisomeric ratio E/Z = 5.5:1.0. The product was isolated as a single
stereoisomer
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NMR (500 MHz, Chloroform-d) δ 8.66 (d, J = 7.7 Hz, 1H), 7.33 (dd, J = 8.6, 7.3

1H

Hz, 2H), 7.29 – 7.23 (m, 1H), 7.17 – 7.07 (m, 2H), 7.04 (m, 2H), 6.70 (m, 1H), 6.49 (s,
1H), 3.90 (s, 3H), 0.36 (s, 9H).
13C

NMR (126 MHz, CDCl3) δ 167.4, 166.7, 156.6, 153.2, 138.5, 135.6, 129.7, 129.2,

127.8, 127.2, 124.4, 122.8, 119.4, 118.8, 116.5, 51.8, 0.6.
HR-MS (ESI+): 351.1416 (calculated for M+H) 351.1415 (observed)

(E/Z)-1-(3-phenoxy-2-(trimethylsilyl)-1H-inden-1-ylidene)propan-2-one (331ca)
331ca was prepared by general method C (49.1 mg and 52.9 mg, 61%, E/Z = 4.8:1.0).
Note: the starting 2-iodostyrene had a stereoisomeric ratio E/Z = 5.3:1.0.
1H

NMR (500 MHz, CDCl3): δ 8.42 (dt, J = 7.7, 0.9 Hz, 1H), 7.32 (dd, J = 8.6, 7.4 Hz,

2H), 7.22 (td, J = 7.6, 1.2 Hz, 1H), 7.11 (m, 2H), 7.05 – 6.94 (m, 2H), 6.77 (s, 1H), 6.67
(dt, J = 7.5, 0.9 Hz, 1H), 2.48 (s, 3H), 0.34 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 199.2, 168.0, 156.6, 150.5, 138.3, 135.7, 129.7, 129.4,

128.0, 127.1, 126.4, 124.2, 122.9, 119.5, 116.5, 32.2, 0.6.
HR-MS (ESI+): 335.1467 (calculated for M+H) 335.1440 (observed)
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(E/Z)-1-(3-phenoxy-2-(trimethylsilyl)-1H-inden-1-ylidene)propan-2-one (331da)
331da was prepared by general method C (45.9 mg and 51.7 mg, 64%).
1H

NMR (500 MHz, CDCl3): δ 7.85 (d, J = 7.7 Hz, 1H), 7.31 (dd, J = 8.7, 7.3 Hz, 2H),

7.27 (td, J = 7.7, 1.3 Hz, 1H), 7.16 (td, J = 7.4, 1.0 Hz, 1H), 7.09 – 6.99 (m, 3H), 6.91 (dt,
J = 7.5, 1.0 Hz, 1H), 6.60 (q, J = 7.5 Hz, 1H), 2.45 (d, J = 7.5 Hz, 3H), 0.33 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 161.4, 157.6, 141.7, 138.1, 137.6, 131.4, 129.6, 126.7,

126.0, 125.0, 124.1, 122.0, 119.1, 116.0, 16.4, 0.8.
HR-MS (ESI+): 307.1518 (calculated for M+H) 307.1513 (observed)

(Z)-trimethyl(1-(4-methylbenzylidene)-3-phenoxy-1H-inden-2-yl)silane

(331ea)

331ea was prepared by general method C (50.1 mg and 79.3 mg, 68%).
1H

NMR (500 MHz, CDCl3): δ 7.51 (d, J = 7.8 Hz, 2H), 7.47 (d, J = 7.7 Hz, 1H), 7.44

(s, 1H), 7.38 – 7.29 (m, 4H), 7.11 – 7.05 (m, 5H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 6.85 (d, J
= 7.5 Hz, 1H), 2.49 (s, 3H), 0.41 (s, 9H).
13C

NMR (126 MHz, Chloroform-d): δ 162.8, 157.4, 141.4, 138.2, 137.9, 137.0, 134.6,

133.8, 129.6, 129.4, 129.2, 127.3, 125.8, 125.1, 123.6, 122.2, 119.0, 116.2, 21.5, 0.9.
HR-MS (ESI-): 382.1753 (calculated for M-) 382.1749 (observed)
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(Z)-(1-(4-bromobenzylidene)-3-phenoxy-1H-inden-2-yl)trimethylsilane

(331fa)

331fa was prepared by general method C (57.5 mg and 40.1 mg, 44%).
NMR (500 MHz, CDCl3): δ 7.75 (d, J = 7.6 Hz, 1H), 7.67 – 7.53 (m, 3H), 7.39 –

1H

7.32 (m, 4H), 7.27 (td, J = 7.5, 1.1 Hz, 1H), 7.17 – 7.06 (m, 4H), 6.81 – 6.71 (m, 1H), 0.04 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 168.5, 156.8, 141.6, 141.2, 137.9, 135.0, 132.4, 131.6,

129.6, 127.2, 126.9, 126.2, 122.8, 122.2, 120.3, 119.5, 118.8, 117.2, 0.8.
HR-MS (ESI-): 446.0702 (calculated for M-) 446.0684 (observed)

(Z)-trimethyl(1-(4-nitrobenzylidene)-3-phenoxy-1H-inden-2-yl)silane

(331ga)

331ga was prepared by general method C (91.8 mg and 78.9 mg, 83%).
1H

NMR (500 MHz, CDCl3): δ 8.30 (d, J = 8.7 Hz, 1H), 7.74 (dt, J = 7.7, 0.9 Hz, 1H),

7.62 (d, J = 8.6 Hz, 3H), 7.36 (dd, J = 8.6, 7.4 Hz, 2H), 7.31 – 7.23 (m, 2H), 7.17 – 7.03
(m, 4H), 6.70 (dd, J = 7.6, 0.9 Hz, 1H), -0.07 (s, 9H).
13C

NMR (126 MHz, CDCl3) δ 169.9, 156.5, 147.0, 145.7, 144.0, 141.0, 135.0, 131.5,

129.6, 127.5, 126.6, 125.1, 123.7, 123.2, 119.9, 119.5, 119.0, 117.4, 0.8.
HR-MS (ESI+): 414.1525 (calculated for M+H) 414.1510 (observed)
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(1,1-dimethyl-3-phenoxy-1H-inden-2-yl)trimethylsilane (332) Pd(OAc)2 (5 mol%),
PPh3 (10 mol%), and Cs2CO3 (2.0 equiv.) were added to a 10 mL rounded bottom flask.
Next, a solution containing α-methyl-2-iodostyrene 326h (0.25 mmol) and ynol ether 330a
(0.50 mmol) in 1,4-dioxane (0.2M) was added to the round bottom flask, and the flask was
placed under a nitrogen atmosphere. Next, isopropyl alcohol (38 µL, 0.5 mmol, 2.0 equiv.)
was added and the reaction flask and then was heated to 70 °C for 3 hours. After the
reaction was complete, the crude reaction mixture was filtered through celite, and
concentrated directly onto silica. Flash chromatography was performed (5% Ethyl
Acetate/Hexanes) to obtain the purified compound 332 (57.7 mg, 75%).
1H

NMR (500 MHz, CDCl3): δ 7.40 (dt, J = 7.6, 0.9 Hz, 1H), 7.34 – 7.28 (m, 2H), 7.24

(td, J = 7.4, 1.1 Hz, 1H), 7.10 (td, J = 7.5, 1.1 Hz, 1H), 7.05 (m, 1H), 7.03 – 6.95 (m, 2H),
6.83 (dt, J = 7.6, 1.0 Hz, 1H), 1.52 (s, 7H), 0.28 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 158.7, 157.3, 156.5, 138.9, 136.8, 129.5, 126.1, 126.1,

121.9, 121.1, 119.8, 116.0, 50.5, 25.6, 0.4.
HR-MS (ESI+): 309.1675 (calculated for M+H) 309.1639 (observed)

4-((1-methyl-3-phenoxy-2-(trimethylsilyl)-1H-inden-1-yl)methyl)benzaldehyde
(335) Pd(OAc)2 (2.8 mg, 0.013 mmol, 5 mol%), PPh3 (6.6 mg, 0.025 mmol, 10 mol%), 4formylphenylboronic acid 5 (37.5 mg, 0.25 mmol, 1.0 equiv.) and Cs2CO3 (244.4 mg, 0.75
mmol, 3.0 equiv.) were added to a 10 mL rounded bottom flask. Next, a solution containing
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α-methyl-2-iodostyrene 326h (0.25 mmol) and ynol ether 330a (0.50 mmol) in 1,4-dioxane
(0.2M) was added to the rounded bottom flask, and the flask was placed under a nitrogen
atmosphere. The reaction flask was then heated to 70 °C for 3 hours. After the reaction was
complete, the crude reaction mixture was filtered through celite, and concentrated directly
onto silica. Flash chromatography was performed (5% Ethyl Acetate/Hexanes) to obtain
the purified compound 335 (42.0 mg, 40 %).
1H

NMR (500 MHz, CDCl3): δ 9.86 (s, 1H), 7.75 (dd, J = 7.7, 1.6 Hz, 1H), 7.45 (td, J

= 7.5, 1.6 Hz, 1H), 7.39 (td, J = 7.5, 1.3 Hz, 1H), 7.23 – 7.19 (m, 3H), 7.08 – 6.98 (m, 3H),
6.88 – 6.85 (m, 1H), 6.68 – 6.62 (m, 3H), 3.92 (d, J = 13.6 Hz, 1H), 3.40 (d, J = 13.6 Hz,
1H), 1.61 (s, 3H), 0.34 (s, 9H).
13C

NMR (126 MHz, CDCl3): δ 191.2, 160.0, 156.9, 152.1, 140.8, 137.6, 137.1, 132.8,

132.6, 123.0, 129.4, 126.9, 126.7, 125.5, 123.0, 121.9, 119.9, 116.0, 55.1, 38.6, 24.0, 0.5.
4.4.4. Asymmetric Heck–Suzuki–Miyaura Indene Synthesis and Chiral Assay
The general asymmetric synthesis of 335 follows general method C from section 4.4.3.
Detailed descriptions of the reactions screening procedures are presented below.
General

Procedure

D:

Initial

Chiral

Ligand

Reaction

Scope.

2-

Formylphenylboronic acid (72.6 mg, 0.5 mmol, 2.0 equiv.), Pd(OAc)2 (2.8 mg,0.0125
mmol, 5.0 mol%), and chiral phosphine ligand (0.0125 mmol, 5 mol%), Cs 2CO3 (244.4
mg, 0.75 mmol, 3.0 equiv.) were added to a 25 mL round-bottomed flask with 1.0 mL of
1,4-dioxane. Xh (61.0 mg, 0.25 mmol, 2.0 equiv.) and Xa (95.3 mg, 0.5 mmol, 2.0 equiv.)
were suspended in 1.0 mL of 1,4-dioxane, added to the 25 mL round-bottomed flask and
heated to 70 C for 16 hours. The reaction was evaluated after 16 hours via thin layer
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chromatography, and were visualized with a 365 nm UV lamp. The crude reaction mixture
was filtered through a celite filter frit to remove residual insoluble salts, and the liquors
were concentrated under reduced pressure. The purified product was obtained via
performing flash column chromatography (1% ethyl acetate in hexanes).
General Procedure E: Initial Boronic Acid and Reaction Temperature Scope.
The appropriate amount of 2-formylphenylboronic acid (1.0 equiv, 1.5 equiv. or 2.0
equiv.), Pd(OAc)2 (1.1 mg,0.005 mmol, 5.0 mol%), and (+)-BINAP (3.1 mg, 0.005 mmol,
5 mol%), Cs2CO3 (97.7 mg, 0.3 mmol, 3.0 equiv.) were added to a 2 mL reaction vial fitted
with a polypropylene screw-top septum. 326h (24.4 mg, 0.1 mmol, 2.0 equiv.) and 330a
(38.1mg, 0.2 mmol, 2.0 equiv.) were suspended in 0.5 mL of 1,4-dioxane, added to the 2
mL reaction vial round-bottomed flask and heated to the proper temperature (70 C, 80 C,
or 90 C) for 16 hours. The reaction was evaluated after 16 hours via thin layer
chromatography and were visualized with a 365 nm UV lamp. The crude reaction mixture
was filtered through a celite filter frit to remove residual insoluble salts, and the liquors
were concentrated under reduced pressure. Product yields were determined via 1H-NMR
assay with a 2,4,5-trichloropyrimidine internal standard.
General Procedure F: Initial Solvent Screening Procedure. 2-Formylphenylboronic
acid (15.0 mg, 0.1 mmol, 1.0 equiv.) Pd(OAc)2 (1.1 mg, 0.005 mmol, 5.0 mol%), and (+)BINAP (3.1 mg, 0.005 mmol, 5 mol%), and Cs2CO3 (97.7 mg, 0.3 mmol, 3.0 equiv.) were
added to a 2 mL reaction vial fitted with a polypropylene screw-top septum. 326h (24.4
mg, 0.1 mmol, 2.0 equiv.) and 330a (38.1mg, 0.2 mmol, 2.0 equiv.) were suspended in 1.0
mL of appropriate solvent, added to the 2 mL reaction vial and heated to the 70 C for 16
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hours. The reaction was evaluated after 16 hours via thin layer chromatography and were
visualized with a 365 nm UV lamp. The crude reaction mixture was filtered through a celite
filter frit to remove residual insoluble salts, and the liquors were concentrated under
reduced pressure. Product yields were determined via 1H-NMR assay with a 2,4,5trichloropyrimidine internal standard.
General Procedure G: Second Boronic Acid Screening Procedure. 2Formylphenylboronic acid (1.0 equiv., 1.5 equiv., or 2.0 equiv.), Pd(OAc)2 (1.1 mg, 0.005
mmol, 5.0 mol%), and (+)-BINAP (3.1 mg, 0.005 mmol, 5 mol%), and Cs2CO3 (97.7 mg,
0.3 mmol, 3.0 equiv.) were added to a 2 mL reaction vial fitted with a polypropylene screwtop septum. 326h (24.4 mg, 0.1 mmol, 2.0 equiv.) and 330a (38.1mg, 0.2 mmol, 2.0 equiv.)
were suspended in 1.0 mL of the 1,4-dioxane, added to the 2 mL reaction vial and heated
to the 70 C for 16 hours. The reaction was evaluated after 16 hours via thin layer
chromatography and were visualized with a 365 nm UV lamp. The crude reaction mixture
was filtered through a celite filter frit to remove residual insoluble salts, and the liquors
were concentrated under reduced pressure. Product yields were determined via 1H-NMR
assay with a 2,4,5-trichloropyrimidine internal standard.
General Procedure H: Initial Base Screening Procedure. 2-Formylphenylboronic
acid (15.0 mg, 0.1 mmol, 1.0 equiv.), Pd(OAc)2 (1.1 mg, 0.005 mmol, 5.0 mol%), and (+)BINAP (3.1 mg, 0.005 mmol, 5 mol%), and appropriate base (0.3 mmol, 3.0 equiv.) were
added to a 2 mL reaction vial fitted with a polypropylene screw-top septum. 326h (24.4
mg, 0.1 mmol, 2.0 equiv.) and 330a (38.1mg, 0.2 mmol, 2.0 equiv.) were suspended in 1.0
mL of the 1,4-dioxane, added to the 2 mL reaction vial and heated to the 70 C for 16
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hours. The reaction was evaluated after 16 hours via thin layer chromatography and were
visualized with a 365 nm UV lamp. The crude reaction mixture was filtered through a celite
filter frit to remove residual insoluble salts, and the liquors were concentrated under
reduced pressure. Product yields were determined via 1H-NMR assay with a 2,4,5trichloropyrimidine internal standard.
Chiral Assay Development. The general asymmetric synthesis of 335 follows general
method C from section 4.4.3. Detailed descriptions of the reaction’s screening procedures
are presented below. The chiral assay was performed on a high-performance liquid
chromatograph using a (specifics) chiral column.
Our assay was developed by augmenting eluent mixture compositions and flow rate of
each trial run. The method for each trial was set to a specified eluent composition and flow
rate. Observed retention times were recorded and peak overlap was visually monitored to
establish which set of conditions best resolve the two enantiomers. To date the best
conditions have been determined to be a 90:10 (hexanes/10% isopropanol in hexanes)
running at a flow rate of 1.000 mL/min. Due to inconsistencies in the observed retention
times between trials of the same sample being run under identical method conditions ([1 st
enantiomer retention time, 2nd enantiomer retention time]: entry 5 [4.17 min., 4.67 min.],
entry 6 [4.32 min., 4.73 min.]). Below is a comprehensive list of trials, eluent compositions,
and observed retention times attempted during the optimization of this chiral method. Work
is still needed to best optimize this method for the eventual evaluation of scope of this
reaction. It is suggested that optimization attempts continue using the current chiral
column, potentially utilize other chiral columns, and continue using a diluted mixture of
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isopropanol (such as 10% isopropanol in hexanes) as a polar eluent to more quickly and
efficiently find optimal chiral assay conditions.

Figure 128: Chiral HPLC Assay Development
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4.5 NMR Spectra from Chapter 4
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(133) Barberá, J.; Rakitin, O. A.; Ros, M. B.; Torroba, T. Angew. Chem. Int. Ed.,
1998, 37, 296-299.
(134) Yang, J.; Lakshmikantham, M. V.; Cava, M. P.; Lorcy, D.; Bethelot, J. R. J.
Org. Chem. 2000, 65, 6739-6742.
(135) Tao, W.; Silverberg, L. J.; Rheingold, A. L.; Heck, R. F. Organometallics, 1989,
8, 2550-2559.
229

(136) Gevorgyan, V.; Quan, L. G.; Yamamoto, Y. Tetrahedron Letters, 1999, 40,
4089-4092
(137) (a) Zhang, D.; Yum, E. K; Liu, Z.; and Larock, R. C. Org. Lett. 2005, 7, 49634966. (b) Zhang, D.; Liu, Z.; Yum, E. K; and Larock, R. C. J. Org. Chem. 2007,
72, 251-262.
(138) Zhou, F.; Yang, M.; Lu, X. Org. Lett. 2009, 11, 1405-1408.
(139) Jia, X.; Petrone, D. A.; Lautens, M. Angew. Chem. Int. Ed. 2012, 51, 9870-9872.
(140) Couty, S.; Liegault, B.; Meyer, C.; Cossy, J. Tetrahedron 2006, 62, 3882–3895.
(141) Luo, Z.; Naguib, M. Tetrahedron. Lett. 2012, 53, 3316–3318.
(142) Arthuis, M.; Pontikis, R.; Florent, J. Tetrahedron. Lett. 2007, 48, 6397-6400.
(143) Coles-Taylor, B. L.; McCallum, M. S.; Lee, J. S.; Michel, B. W. Org. Biomol.
Chem. 2018, 16, 8639-8646.
(144) (a) Sato, Y.; Sodeoka, M.; Shibasaki, M. J. Org. Chem. 1989, 54, 4738. (b) Sato,
Y.; Watanabe, S.; Shibasaki, M. Tetrahedron Lett. 1992, 33, 2589. (b) Kojima,
A.; Boden, C. D. J.; Shibasaki, M. Tetrahedron Lett. 1997, 38, 3459. (c) Sato,
Y.; Sodeoka, M.; Shibasaki, M. Chem. Lett. 1990, 1953. (d) Sato, Y., Mori, M.,
Shibasaki, M., Tetrahedron: Asymmetry, 1995, 6, 2453-2464. (e) Sato, Y.; Mori,
M.; Shibasaki, M. Tetrahedron: Asymmetry 1995, 6, 757.
(145) (a) Pfaltz, A., J. Organomet. Chem. 1999, 576, 16-22. (b) O. Loiseleur, P.
Meier, A. Pfaltz. Angew. Chem. 1996, 108, 218.; Angew. Chem. Int. Ed.
1996, 35, 200. Loiseleur O.; Hayashi, M.; Schmees, N.; Pfaltz, A. Synthesis,
1997, 1338. (c) García-Yebra, C.; Janssen, J. P.; Rominger, F.; Helmchen, G.
Organometallics 2004, 23, 5459-5470.
(146) Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 12, 43744376.
(147) (a) Hayashi, T.; Konishi, M.; Okamoto, Y.; Kebeta, K.; Kumada, M. J. Org.
Chem. 1986, 51, 3772. (b) Kamikawa, T.; Uozumi, Y.; Hayashi, T. Tetrahedron
Lett. 1996, 37, 3161. (c) Schwink, L.; Knochel, P. Chem. Eur. J. 1998, 4, 950
(148) Yin, J.; Buchwald, S. L. J. Am. Chem. Soc. 2000, 122, 12051.

230

